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926C3807A Tokyo SENTA ZAIRYO GIJUTSU NO SAISHIN NO SHINPO in Japanese Dec 91 
pp 14-18 
(Article by Toru Hiramatsu, head, Torayca Laboratories Composite Materials 
Research Center, Toray Co., Ltd. | 
‘Tex:} 1. Introduction | “fibe . 4 o du: aa 
| 
j 
As is evident from Figure 1, carbon 40} 
fibers (CF) have high values for spe- | 
cific strength and specific modulus of | 
elasticity as compared to other rein- | 
forcing materials. For this reason 30} HP /1M 
they are widely employed as advanced q aramié 
composite materials (ACM). More than & fiber 
95 percent of the CF used as structur- 4, Y 
al materials are PAN-based CF. This is *% w+ Y/7 
because of their balanced composite <% | PA Glass 
characteristics and superior workabil- ‘ | Be | HP/HM HP/UHM 
” S| Bo” IOS 
o 10 , apes bide fiber 
2. General Outline of PAN-Based CF 2r Alumina fiber 
eC 
The demand for PAN—based CF has rapid- | Metal | 
fol a —~ 











ly increased in the 20 years since 10 20 0 0 
their first industrial production Plastic 
around 1970. Today (1990), the world’s fyptheti« 
consumption of PAN—based CF tops 6, 800 Figure 1. Specific Strengths and 
tons. A breakdown of this consumption Specific Moduli of Elasticity 

is shown in Table 1. It can be seen of Various Materials 

that space/aeronautical and sports/ 

leisure applications each account for 

about 40 percent. Japan is responsible for about half of the world’s produc- 
tion of PAN—based CF, as shown in Table 2. As shown in Table 3 (CF applica- 
tions), there is now a diversified range of applications that take advantage 
of the physical, chemical, and superior mechanical characteristics of CF, such 
as its stable dimensions, chemical resistivity, and superior heat and 
electrical conductivity. 


specific modulus of elasticity E/p (10°on) 





























Table 1. PAN-Based CF Consumption 1990 
(Units: Tons) 
Airplanes Sports, Industries Total 
space vehicles leisure 
United States 2,000 (65) 500 (16) 600 (19) 3,100 (100) 
Europe 670 (58) 200 (18) 280 (24) 1,150 (100) 
Japan 50 (4) 80 (62) 420 (34) 1,250 (100) 
Others 40 (3) ,160 (93) 50 (4) 1,250 (100) 
Grand total 2,760 (41) 2,640 (39) 1,350 (20) 6,750 (100) 























Table 2. Production Capability for PAN-Based CF 


(Units: Tons/year) 























Name of company Production Scheduled pro- 
capability duction increase 
Asia 
Toray 2,250 
Toray Rayon 2,020 
Mitsubishi Rayon 500 +500/93 
Shin Asahi Kasei Kaabon 450 
(New Asahi Chemical Carbon 
Taiwan Plastics 230 
United States 
Hercules 1,750 
Amoco 1,000 
BSM 450 
Courtaulds 360 +900/91 
Akzo 360 
Zoltek 110 
BPAC 40 
Europe 
Courtaulds 350 
Akzo 350 +360/92 
Soficar 340 
R.K. Carbon 230 
Grand total 10,790 +1, 760 











(Note: As of November 1990 








Table 3. Characteristics and Applications for Carbon Fibers 





elasticity) 
Dimensional stability Space 








Mechanical properties Space/aeronautics, 
(strength/modulus of for general structures 


instruments, 


sion instruments (molds, drawing instru- 
ments, etc 


antielectrostatic 


shields for electromagnetic waves, 
materials, etc 


Biocompatibility Artificial bones, tendons, e 
X-ray transparency X-ray equipment 
Others Activated carbon fibers 


sports/leisure, 


radio telescopes 


Se 


material 


preci- 


Fatigue resistivity Helicopter blades, etc 
Vibration attenuation Audio equipment, etc 
property 
Heat resistivity Insulators, rocket nozzle cones, brakes in 
airships, etc 
Chemical resistivity Packing, filters, etc 
Electrical properties As materials in various electrodes, in 


in 





PAN—based CF are produced using the 
process shown in Figure 2 from an 
acrylic fiber precursor made of 
spun polyacrylonitrile (PAN). The 
changes in its chemical composition 
during oxidation and carbonization 
reactions are shown in Figure 3. A 
model structure of PAN-based CF is 
depicted in Figure 4. Microcrystals 
formed into sheet layers of graph- 
ite mesh are arranged along the 
fiber axis. In addition, the carbon 
fiber can be classified into carbon 
and graphite fibers depending on 
maximum temperature during thermal 
treatment. Graphite fibers have 
better developed microcrystals, 
and, in general, less strength but 
a higher modulus of elasticity 


3. R&D Trends in PAN-Based CF 
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Figure 2. PAN-Based CF Production Process 


In recent years, the most significant advances in technology 
achieved in the development of very strong and ductile CF for use as materials 
in the primary structures of airplanes, and the development of very strong and 
elastic CF for use in lightweight and high performance fishing rods and golf 


club shafts 


have 


been 
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Figure 3. Structuring of PAN-Based 
CF 





Figure 4. Model Structure of PAN- 


3.1 Development of Very Strong and Based Carbon Fiber 


Ductile CF 


Table 4 compares the theoretical and experimental values for the strength and 
modulus of elasticity of CF. The experimental value for the modulus of 
elasticity is about 80 percent of the theoretical value 


Table 4. Experimental and Theoretical Values for Strengths and Coefficient of 
Elasticity for CF 














| Item Unit Graphite Polyethylene 
: 
Theoretical Strength GPa 180 32 
value 
Coefficient GPa 1,020 240 
of elasticity 
Experimental Strength GPa Whisker 20 Gel spun fiber 
value PAN—based thread 
CF 7 4 


Dissolution and spun 
thread fiber 





l 
Coefficient GPa Pitch-—based Gel spun fiber 
of elasticity CF 830 thread 
PAN—based 170 
590 Dissolution and spun 
thread fiber 
10 


























Meanwhile, its strength is only about 5 percent of the theoretical value. This 
difference between the experimental and theoretical values for the modulus of 
elasticity is due to the basic CF structure, such as the degree of crystalli- 
zation, orientation, etc. The difference in the case of strength is due not 
only to the basic structure, but also depends on the presence of defects like 
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voids, surface imperfections, adhesive particles, im 
it has been demonstrated through scanning electror 
zraphs of fractured cross ctior f Cr r 
g pris Lracvcurea Cros seccvions Ol as snowTl i 
, , - . » . " a4 9 ‘ , ,o 
originate from fractures. The dimension and strength 
origin of fractures) has the yrrelation depicted ir 
size of the defect in the form of voids, the stronge 
the effects of defects, a material with a strength of 
7 oe _ ’ _ ’ c 9 ™ = P Ff } r ‘Ff 
a ductility of about |! percent was deve loped in ¢ 
 z -_ 4 nre ak a « ‘fr Tne rTnrT . PANIAWA sas d “F ust F 
Lar super LOT 4 PUUC t AR ii Sei. LOrm Va r AY vase P wi. 


kgf/mm“) and a ductility of 2.4 percent is available 


3.2 Development of CF With a High Modulus 
of Elasticity 


TT 7 . } ~- +. . 7 ‘fea 
The modulus of elasticity of F and its 
Ss 


~~ ™ = a ~ 
DaSic structur©reé inciudcding tne dimensior 
? r Y y nda a a 4 or > 
0 its micro< Stais and eir lepree I 
. ¥ co, | > > 
orientatior;r were Dr ed nave ne 
os 
correlation depicted in Figure ine r 
— . . 
| > . . . 
material with a modulus of elasticity f 


390 GPa SU tiI/mm that was available ir 


> le h..«.1¢ + ] ? . 

the early nail I tne ivsous nas been 
at l« m TT 4 . _* 4 } + 

grea i ¥ improvec to ne wi . 4 MOCULUS i 
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640 GPa (¢€ ti /mm in the form ot PAN- 


based CF 


3.3 Development of Very Strong and Highly 
Elastic CF 


- ’ in ] ,v . Dat . 4 ad 
The ifficult t grapnactize raAan-DdDasecdc r 
has a lower modulus t > | 7 ’ hen 
it . i ei mVvUU i. US Zz ' ce ias i i ’ #iit il 


compared to the easier Oo graphitize 
pitch CF In reality pitct F sells 
better despite the fact that its fracture 
ductility and composite ymmpressibility 
is lower, and it has inferior workat 

ty PAN—based CF also encounters the same 
kind of problems, to a varying degree 
when its modulus of elasticity is im 
proved. Very strong, highly elastic CI 
was developed, therefore, through a com- 
bination of techniques to improve its 
strength, elasticity, and ductility. Very s 


elasticity possess not only a higher fract 
conventional highly elastic CF, but also er 


ibility. as shown in Figure 8 
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characteristic fiber strength of 900~- 
1000 kgf/mm’, while that of the pitch- 
based type!’ is ~700 kgf/mm’. The ten- 
sile strength of PAN-based CF was ~230 
kgf/mm? about 20 years ago.'® Compared 
to that, the pitch-based type has al- 
ready attained ~350 kgf/mm’, an indica- 
tion that there is still lots of room 
for progress in the future. Japan leads 
the world in technologies for strength— 
ening and improving the performance of 
pitch-based carbon fibers. For example, 
it is believed that the development of 
a fiber with a tensile strength of 500 
kgf/mm*, a tensile elasticity of 50 
tf/mm* and an elongation of 1 percent 
will be realized in the very near fu- 
ture. 
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Figure 3. Tendency of Tensile 
Characteristics of Pitch-Based 
and PAN—Based Carbon Fibers 
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Figure 4. Tensile Characteristics of Some Pitch-Based Carbon Fibers 


(K. Sato?) 


(3) Distinguishing Applications Suitable for PAN-Based and Pitch-Based Carbon 


Fibers 


Pitch—based carbon fibers are similar to PAN-based carbon fibers in terms of 
technology, the physical properties of the fiber, and applications, but there 
also are innumerable differences and thus these two materials should not be 
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Table 2. Comparison 


Fibers 


of Characteristics of Pitch-Based and PAN-—Based Carbon 





Pitch-based carbon fiber 


PAN—based carbon fiber _| 





a. Tensile 
strength 

b. Tensile 
modulus of 
elasticity 


c. Fiber radius 


d. Density 
e. No. of 
filaments 








eRelatively low 
(~350 kgf/mm?) 

eMaterial with high modu- 
lus easily made at rela- 
tively low temperature 
treatment (0.5~80 tf£/mm*) 


eSlightly thick (9~10 pm¢) 
eRelatively high 

(~2.0 g/cm’) 
e500~4 ,000/strands 





(Some may be threaded) 


eHigh (360~370 kgf/mm?) 


eRelatively low, high 
temperature required for 
making high modulus (24~ 
40 tf/mm?; >50 tf/mm? is 
special grade) 
eThin (5~7 pm¢) 
eRelatively low 
(~1.8 c/cm?) 
e] ,000~12 ,000/strands 
(special grade as >12 K) 














considered the same. The characteristics of pitch-based carbon fibers are 
compared to those of PAN-based fibers in Table 2. Pitch—based fibers have many 
differences not only in their mechanical properties, but also possess 
interesting tendencies in terms of density, heat and electrical conductivity, 
resistance to oxidation,* etc. 


















Ideal (2.26) —— - ° + 
. . . > . > graphite 
For example, the fiber density varies ~ 
SSSSSSoRG to the type of starting Vapor phase a a pe Se 
material, as shown in Figure 5. In 2.0 (High sodulus of 






—~ elastici 
High strength type 
type 





other words, the fiber density ap- 
proaches 2.26 g/cm*, the ideal value 
for graphite as the tensile modulus of 
elasticity of the pitch-based fiber 
increases. On the other hand, the 
fiber density for PAN-based carbon 
fibers remains at a relatively low 
level even when its modulus of elas- ° 
ticity has a high value 
tf/mm?. 





Fiber density (g/cm’) 
T 





of 9-600 Oe 


Tensile modulus of elasticity (t!/a) 
Figure 5. Density Characteristics of 
Carbon Fibers According to Various 
Kinds of Raw Materials 








However, a number of competitors have 
appeared during a time when there has 
been technical progress in both pitch- 
and PAN—based carbon fibers. For example, PAN-based carbon fibers used to be 
manufactured with tensile moduli of elasticities ranging from 24~60 tf/mn?. 
Recently, however, Toray Rayon and Toray have expanded this range by marketing 
"IM-16" (tensile strength 320 kgf/mm’; tensile modulus of elasticity 16 tf/mm’) 
and "M65J" (tensile strength 370 kgf/mm? ; tensile modulus of elasticity 65 
tf/mm?) , respectively. Pitch- and PAN-based carbon fiber applications gradually 
will be distinctly delineated as product quality and characteristics, cost, 
and market needs arise. 
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Table 3. Some Examples of Preferable Industrial Use for Carbon Fiber 


Reinforced Composite Materials 





Structural material 
Industrial sector 
Social background 


Examples of forecest applications 








Structural material 
a. 


Railway 
eLightweight carriers that can withstand high 
speeds (Super Hikari, linear motor car, etc.) 


. Automobile 


@Improved fuel consumption in accordance with CAFE 
(corporate average fuel economy) regulations. 
Recyclable and improved comfort. 


. Aircraft/spacecraft 


eWeight reduction for improving fuel consumption 
in private aircraft. Lightweight super heat-resis- 
tant structural material for use in Orient 
Express, Space Shuttle, etc. 


. Ships 


*Highly appraised as corrosion resistant, 
extremely strong, and durable composite material 
for oceanographic development. Active movements in 
development of high-speed ships (cargo-techno 
superliner) in place of trucks. 


. Construction 


Material weight reduction and improved strength 
for cutting cost through shortening length of time 
for projects proceeding under special conditions 
like high places, underground, in the ocean, or 
with labor shortages. 


Functional material 
Zz. 


Energy/nuclear energy 
eCost reduction of fuel battery and improved dur- 
ability. Improved specific strengths of material 
used in rotating body of centrifugal separator for 
uranium concentration. Reduction of heat and in 
creasing reliability of light water reactor thus 
improving its stability technology. 

. Medical 


@Improved functions for biological replacement 
parts. Improved sensitivity and smaller diagnostic 
instruments. 


h. Leisure (sports) 


@Improved specific strength and coefficient of 
elasticity for improved functions (better sense 
of feeling). Protection of human body, increase 
life span. 





Carriage, streamlining of structure of 
front carriage, framework of carriages, 
supportive material for adiatabic heat 
load in superconducting magnets. 


*Body, engine, peripherals (propeller 
shaft, etc.). 


*Secondary structural material, related 
to interior decoration parts. Replace- 
ment for aramide fiber/glass fiber. Can 
be applied to C/C composite, boron- 
carbon composite material. 


*Realization of airports, cities and 
sewage treatment plants above the sea. 
Structural materials for ships. 


eExtremely tall flexible structures, 
bridges, development of underground 
space for reserve energy storage, 
foundation reinforcement material (geo 
textile), etc. Employed as curtain walls, 
CFRP cables, lock bolts, etc. 


®Porous carbon fiber for use as material 
in electrodes. Changing the rotator of 
centrifugal separator into CFRP. 
Application of C/C composite as a 
material in light water reactor. 


@Introducing CFRP for artificial muscles, 
artificial bones, tendons, artificial 
teeth, etc. Use of CFRP in diagnostic 
instruments and nursing robots. 


Fishing rods, golf clubs, tennis 
rackets, etc. 
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2. Developments in Advanced Composite Materials 
(1) Material Change Movements in Industrial Sector 


The so-called "material revolution" was aimed primarily at making the material 
lighter and at improving its performance. Today, applications are not limited 
only to the aeronautical/space or sport/leisure sectors. It is not an 
exaggeration to say that the railway, automobile, construction and other 
industrial sectors are now facing a transition stage in the types of materials 
used. This transition in material types is illustrated in Table 3. 


(2) Characteristics of Composite Materials 


Composite materials reinforced by pitch-based carbon fibers include CFRP, 
CFRTP for plastic matrix cement/ceramic (CFRC), carbon (C/C composite) or 
metals (CFRM). The starting materials for these products are paper, felt, 
strings, biaxial and triaxial cloth, three-dimensional cloth, metals, carbon 
fibers with a cover layer of resin, resin compounds, and resin prepregs. 
Active research has been conducted to develop structural or performance 
materials that retain the characteristics of pitch-based carbon fibers.The 
mechanical characteristics of several types of pitch- and PAN—based CFRP (flat 
sheets) are shown in Table 4 as an example of one of the characteris- 



































tics of composite materials. Even in 
the case of pitch-based, there is a 
detection rate of more than 90 percent. rain coment _ 
Some peculiarities also exist in the 250 —? ° 3 . 
tensile strength, bending strength, and » to tt 
ILSS (interlaminar shearing strength), f 
although large discrepancies among the q@ ™ 7 
various pitch-based materials were not > Pris bo dul ‘of 
observed. The factors governing the = \ —w oP 
characteristics of CFRP@° are: is = 

a. Quality, configuration, and z NT-20 

surface treatment of reinforced : . onl cok 

material : 5 ps iNT -SC 

b. Type, composition, and nature : NG-08C 4, vi 

= wee vr , , $ % brotha Ca _ 

c. Composition, laminar direc- ¢= IC company } PPiteh-based (8 company! 

tion, constitution of reinforced | \ 


























fiber . 
d. Type and constitution of pack- 
ing material 

e. Molding method and conditions 
f. Testing method and conditions 


c 86100 00 Sis 
Fiber tensile strength (xgt/ev) 
Figure 6. Comparison of Compressive 
Strength of Pitch-Based Carbon 
Fibers to PAN-Based Fibers 


In particular, in the case of pitch- 

based carbon fibers, there are many limitations in the porous thread related 
to the design of the spinneret nozzle. Thus, there are discrepancies in the 
values for the spun yarn depicted in Table 4. It is believed that the spinning 
and threading techniques play a major role in the determination of these 


figures. 
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Compressive strengths have the tendencies shown in Figure 6. As is evident, 
the PAN—based type is superior to the pitch-based type. Values for pitch- 
based type were found to vary depending on the manufacturing company.‘ ** 


Table 5. Some Applications of Pitch-Based Carbon Fibers in Industrial Fields 





Structral material Company involved in development 
Industrial sector 
Examples of applications 
r = 
Structural material 
a. Aircraft/spacecraft 
eBody and parts in space eKawasaki Heavy Industries/Kawasaki 
shuttle "HOPE" Steel 
b. Construction 
eReinforcements for earthquake eOhbayashi-gumi/Mitsubishi Chemical 





proof chimneys eMitsubishi Chemical 
eCFRP sidewalks eTohnen 
eCFRP water gates 
c. Others 
eLong, lightweight rolls for eNippon Steel Group 


industrial use 
Functional material 
d. Leisure (sports) eBridgestone sports/Mitsubishi 

eLightweight boat (hybrid cloth Chemical 

with ultrahigh polymer PE 

fiber) 

eWeight reduction and improved eMizuno/Mitsubishi Chemical 

rigidity in single scull (rac- 

ing ship) (14.5 kg~11.5 kg) 


eGolf club 
a) Harmotec Pro HM-—/70/J's metal eYoshida Bicycle/Tohnen 
b) Mizuno Pro Ti-110/-120, eLateed Pro/Nihon Sekiyu Group 


Mizuno Eksa HM-80 
eLightweight frame bicycle 


eTwo-wheel vehicle brakes eNisshin Kogyo/Mitsubishi Chemical 
eSki Stock °G.S. Technology (U.S. )/Tohnen 
e. Others 
eSpeaker cone eKenwood/Tohnen 
eMirror cylinder in telescopes eTakahashi Seisakusho/Nihon Sekiyu 
Group 














(3) Development of Advanced Composite Materials 


The preceding generation of pitch—based carbon fibers in the American market 
was supplied at a rate of about 200 t/year, and was originally intended for 
military uses (CFRM, nose cones, etc.), in space, and for brake linings in 
commercial passenger airplanes or military planes. In the future, however, 
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demand in the general industrial sector for tructures is 


expected to rise, given that highly elastic p. made that have 
high performance levels at lower cost. In Japa es already have 
been made to apply pitch-based carbon fib: insportation and 
construction sectors. Recent developments i for pitch-based 
carbon fibers are listed in Table 5. Until rece iin sectors using 
this material were construction, and sport and the sector that is 
expected to employ large quantities of this ma r future is the 
Japanese-French Friendship Monument** to commemo: inniversary of 
the French Revolution (scheduled to be const 1 Park, Hyogo 
Prefecture) and the bridge across the Strait | igures are not 


announced yet). 











































































































Table 6. Estimated Global Demand for Carbor | Region and 
Market Segment, 1988-1990 (Segal 
Segment Year North | we Regional 
America | Eu total 
T ~~ 
Aeronauti- 1988 2,550 | , 050 
cal/space 7 . | 
1993 3,730 | B +, 815 
1998 5 , 861 l,¢ 870 
Sport/ 1988 410 1,870 
leisure ) 1 } ~ 
1993 4%) | +65 
eens +——— 
1998 30 | 465 
General 1988 270 | 1,270 
industries ; a 7 ' a 
1993 4) | 185 
1998 1,090 | 635 
| oT , 
Regional 1988 3,230 y 6,190 
total —— | 
1993 4,820 +, 365 
1998 7, 686 r | ‘ 50 
Notes: a. Figures for 1988 are actua! tons 
b. In the original article, Wes! 5) was 950 t. 
Figure changed to 960 
3. Future Expectations and Problems 
As described above, pitch-—based carbon fibe! competing 
materials like PAN-based carbon fibers, gla fibers, etc. 
According to the demand forecast published } e 6, demand 
in the aeronautical and space fields will be e sports and 


4 


leisure sector will shrink. Meanwhile, demar 11 sector 








will expand. Demand in Asia and North America is expected to grow. It is 
expected that by 1998 demand will reach about 15,000 tons. 


(1) New Technical Challenges 


More technical efforts will be necessary to improve the characteristics and to 
establish the position of pitch-based carbon fibers. The following break- 
throughs are notable points: 


a. Improvement of the physical characteristics of the fibers, such as 
tensile strength and compressive strength. For that, control of the 
crystal’s microstructure including crystal size, orientation, graini- 
ness, defects, etc., would be necessary. 


b. Direct composite molding through near-net shape. The ultimate shape 
of a fiber-reinforced composite material is the near-net shape rather 
than the three-—dimensional multiaxial one, as proven by tests. When 
composite with a matrix, the final product should be a continuous single 
body.****.2© Further, it is vital for basic technologies like surface 
treatment and boundary techniques including sizing, to be established in 
the future, for the molding of composite materials. 


c. Establishing material reliability.*° A great number of factors affect 
the quality of the composite material during its processing. Thus, it is 
vital that techniques to analyze, assess, and standardize the product be 
established. Challenges have to be taken to develop trust and reliabili- 
ty in a product. A very important future theme to be tackled would be 
the collection of accurate data on fracture strains, breakability, 
fatigue, creep, strength against impacts, etc 


(2) Understanding the Market 


As described above, pitch—-based carbon fibers have many characteristics. Much 
effort, both technical and commercial, is required before it can establish a 
reputation. 


a. Much time is required to develop applications for these fibers, whose 
tensile strength has reached a value of ~350 kgf/mm*. The focus would be 
on the development of structural materials that take advantage of the 


high modulus of elasticity of the pitch-based carbon fiber. 


b. An annual production of 300~1,000 tons would be the cost effective 
break even line, but before that can be achieved, it is important that 
a market worth this great amount of investment be developed. 


The world of pitch-based carbon fibers is, to us, one “that allows significant 
progress in technology,” one with a “magical attraction,” and "with an eternal 
romance." Its development was not easy but if the developers were to pitch in 
their efforts to overcome the differences, in the near future, their efforts 
will definitely flower to become one of the leading materials of the 21st 


century. 
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Text i Introduction 


The space plane the SSTS supe rsoni transporter anc the HSI (hypersoni 
transporter) in the aeronautical and space sector. .ige the coa. gasification 
electric generator and nuclear fusion in the energy sector. are some of the 


projects that are planned for the beginning of the Jist century 


wt oct 











Mo=t_, “=Tiem 


Figure 1. Example’ of Body Surface Temperature of Space Plane 


Structural sgaterials with properties not found in existing sgateriais— ike 
high specifi strength, high specific rigidity, heat resistance shock 
resistance, superior heat fatigue properties. and anti-acic orrosiveness 
under extreme environmental conditions like ultrahigh temperatures—wiill be 


9f these. the gost desirabie 


necessary and vital for realizing these projects 
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thermal and acid resistance at high temperatures. For this, an accurate 
equilibrium diagram first must be constructed in order to understand the 
composition, crystal structure, modifications, and the extent to which solid 
solutions of alien elements can exist. 


To improve its ductility at room temperature and its high temperature 
strength, the effects of a third element on the transformed structure, strain, 
fracture system, and tempering must be considered on a system basis. At the 
same time, configuration control and the fineness of the crystal grain must 
also be considered. Production of intermetallic compounds can be roughly 
divided into two types: dissolution techniques and hot melted solutions, or 
powder processing techniques and powder molding techniques. 


Analysis of the structure of an active TiAl intermetallic compound at high 
temperature with the help of a high temperature X-ray analytical device 
attached to a device for controlling the environment proved (in latest phase 
diagrams) that an a phase exists at high temperatures. This method was also 
employed for creating high temperature phase diagrams for TiAl intermetallic 
compounds. In the future, various basic data will be gathered for the creation 
of phase diagrams by making similar measurements on materials with various 
composition at different temperatures. The effects of stoichiometric 
configuration on the crystal structure and on its mechanical properties will 
be investigated. At the same time, the effects of a third additive element 
like V, Cr, Mn, Nb, Mo, or Ta also will be checked. 
































The TiAl thin sheet ¢y 
production process is ‘ Therma! Protection System 
one of the techniques 
that currently’ is nals ae 
drawing a lot of at- T\-=¢-- » 
tention. An outline of 
the process flow is Sheet Casting isothermal Rolling Super plastic Forming y 
depicted in Figure 3. 
The thin sheet produc-— Solidification Thermo Mechanical 

Control Treatment 




















tion stage consists of 
(a) the production of 
a rolled material from Microstructual Control 
a sheet caster in an 
inert environment, and 
(b) the production of 
a thermally _ rolled 
material by a constant temperature roller. The second molding stage for the 
thin TiAl sheet is scheduled to be performed in an inert environment that 
takes advantage of the super plasticity of the material. The success of this 
process will depend on configuration control T, including the solidification 
and heating techniques. These techniques will determine the plastic molding 
capability of thin sheets of TiAl. 














Figure 3. General Outline of Process To Make Thin 
Sheets Directly From Melt 


The solution and rolling of TiAl is determined on the basis of our under- 
standing of the changes in its behavior when its constituents are changed, the 
effects of cooling speed on the coagulated composition, as well as from an 
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analysis of the coagulated configuration. Basic research vital to configura- 
tion control, such as configuration change through heat treatment of casted 
metals or the transformations encountered under high temperatures, also will 
be pursued. It has been proven that in relation to secondary production, basic 
work for understanding the effects of composition, configuration, and 
processing conditions on the plastic transformation of this material is very 
important. Configuration control (isometric grain refinement) will be vital to 
improving its workability in the plastic phase. A powder ejection molding 
method, called the near-net shape method, has been proposed, and thus bonding 
and cleaning agents are being investigated for use as starting materials. 


(2) Intermetallic Compounds With High Melting Points 


Aluminide or silicide (Nb or Mo intermetallic compounds with high melting 
points) are materials that feature superior isotropic strength, acid 
resistance, anticorrosiveness, and antiabrasiveness at high temperatures. They 
are attracting a good deal of attention as promising structural materials for 
movable and stationary engine wings of SSTs or space planes which are sub- 
jected to temperatures around 1,800°C. However, research on such intermetallic 
compounds with high melting points is still in its infancy. At first, 
potential compounds must be identified. Next, equilibrium diagrams must be 
created, and the effective configuration be determined. Research must begin 
only after the crystal structure, physical, chemical, and _ mechanical 
characteristics are fully understood. Since intermetallic compounds with high 
melting points are more brittle than TiAl—based advanced materials, tests to 
improve their ductility through a search for additive elements that will 
activate the transformation mode or to understand the crystal structure change 
most effective for transformation are important. 

Position sensitive 
Let us focus on an Nb-Al-based inter- proportional detector 
metallic compound, and create a phase 
diagram for it. Very little research 
has focused on this, because accurate 
experiments are difficult to perform 
because of its extremely high melting 
point and its extreme instability at 
high temperatures. 
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Temperature 


<——— Atmosphere 


4——— X-ray diffraction 
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An analytical X-ray device for creat— 


ing phase diagrams of the Nb-Al-based Apparatus Controller 
material placed in a controlled envi- Figure 4. Basic Structure of Super- 
ronment whose maximum temperature can high Temperature Phase Diagram 
reach 2,000°C has been devised. The Creation Device 


basic structure of this device is 
shown in Figure 4. 


Accurate tempering and powdered alloy molding techniques have been developed 
specifically for this intermetallic compound. A high-temperature dissolution 
and tempering device will be developed, and a prototype tempering mold has 
been fabricated. Basic experiments on purification and configuration control 
through dissolution are being performed. At the same time, a compact plasma 
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Figure 6. Conceptual Design of 
Constant—Temperature Powder 
Rolling Device 








Un-melted Zone (Skull) 
Water-cooled Copper Crucible 
Figure 5. Schematic of Compact Plasma 
Dissolution Apparatus 

















dissolution gas atomizer device is designed and fabricated. Basic experiments 
on powder processing were conducted. This atomizer device is shown in Figure 
5. Basic research on sintering properties and powder rolling are also 
performed (Figure 6). 


5.2 Development of Advanced Composite Materials 
(1) Carbon Fiber/Carbon-Based Composite Material 


C/C composite materials or a carbon-based matrix reinforced by carbon fiber, 
are capable of resisting temperatures greater than 2,000°C when placed in a 
nonacidic environment. Such materials are viewed as promising lightweight 
superheat-resistant materials with high specific strengths at high tempera- 
tures and that have high defect and impact tolerances. For example, applica-— 
tions in areas exposed to high temperatures of up to 2,000°C, like in the nose 
cone of the space plane, the front edges of the wings, and the engine inlet 
parts, are considered promising. The main disadvantage of this material is the 
high acid abrasion characteristics of carbon fibers, which makes it necessary 
to cover the material with an acid-resistant coating. 


A complete range of technologies from upgrading carbon fiber performance to 
covering a C/C composite material with an acid-resistant material must be 
developed before the targeted properties can be achieved. A total of five 
types of carbon fibers are used. Three are petroleum pitch-based carbon 
fibers, while the fourth is coal—based and the last is PAN-based. Eight PEC 
laboratories (three groups) and three private corporations will execute four 
categories of research. National research centers will work on the basic 
processes necessary for improving the performance of C/C composite materials. 
This includes an understanding of the production conditions for C/C composite 
material with mesophase as the matrix, clarification of the oxidation process 
of carbon fibers and C/C composite material and the determination of oxidation 


inhibitor for the matrix. 
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1) 
2) 


3) 


4) 
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Performa perade tor carbon fibers (petroleum pitch—based) 


Alteratior i\x properties (oxidation inhibitor and improved 
carbonit 

New molding methods for composite materials, such as the compressed 
Rejincher metho hemical gas infiltration method, high pressure 
infilt: mn and carbonification method, and composite rod molding 
metnoa 


Acid-resistant ering technology 





Various fiber cross sections, like the 
random structure, onion ring, or double 
layer structures, have been proposed by the 
three PEC laboratories for improving the 
tensile and compressive strengths of the 
fiber. Spinning conditions were determined 
by the laboratories for each type of antic- 
ipated cross section (Figure 7). Future 
work will be on the structure of the cross 
section to be anticipated for porous fi- 
bers. Techniques to cover the fiber surface 


(a) Random structure with a thin ceramic film are being consid- 











ered as measures to improve the acid resis- 
tivity of the carbon fiber itself. SiC 
covering by the chemical vapor deposition 
(CVD) method is now an established tech- 
nique. 


In item 2), the basic investigations on 
improving the carbonization yield by mixing 
pitch with phenol resin, a matrix fore- 

runner, to improve’ the compatibility 
between the fiber and the matrix, as well 
as to improve the acid resistivity of the 


Sa Oy Cote fiber through additives like borides, 
oe ; Weak silicides, or preceramic polymers, have 
ete been performed. 


%, 
4° %* 


: 
Te are 
~ et 


In item 3), carbonization yield increment 
(Figure 8) through the pressurized 
Rejincher method has been confirmed. At the 
same time, it was observed that the size 
and shape of residual pores in the porous 
fiber are influenced by the _ pressure, 
Residual pores cannot be avoided in the 
matrix of a C/C composite material. It is 
believed that fracturing is closely related 
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(c) Double layer structure to the size and shape of the pores. The 


Figure 


Stru .eum adhesiveness between preform and deposited 
i phase during chemical vapor infiltration 
(CVI) is good, and thus dimensions are not 
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Figure 8. Relationship Between Carbon 
Yield and Pressure 





altered during shaping. Since near-net 
shaping is also possible, CVI is be- ’ 
lieved to be a promising method for 
shaping matrix-packed C/C composite 
materials. This project aims to increase 
the deposition speed and to pack more 
deeply. The two methods of pressurized 
pulse CVI and temperature gradient CVI 
are potentially good. 
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Figure 9. SiC Infiltration in 
Graphite Sheets by Pressurized 
Pulse CVI Method 
(SEM cross section) 


A porous C/C composite material is employed as the preform in the pressurized 
pulse CVI method, which is believed to improve strength and acid resistivity 
through SiC packing. Basic packing experiments on graphite sheets or porous 
C/C materials in a small pulse CVI device have proved that SiC deposition and 


packing inside the preform is possible (Figure 9). 


Infiltration conditions for matrix C 
into the carbon fiber structure with the 
help of a filament wind using the tem- 


Pyrometer 
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perature gradient CVI method has been : Cooling jacket 
determined (Figure 10). 
| | Heating zone 
LJ Carbon fiber 
In item 4), the covering techniques for z LY pretorm 
SiC-based materials are established. Pressure 
Preliminary investigations on new acid- | | ae 
, = , Vacuum 
resistant materials that remain effec- ot | ow + ~~ pump 
tive at 2,000°C and coating systems are -Srener sussty }- 
EE 


already under way. 
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Figure 10. Block Diagram of 
Temperature Gradient CVI Device 











(2) Fiber Composite Material Reinforced by Intermetallic Compounds 


Parallel to the development of a high specific strength intermetallic TiAl 
compound, work also was under way to develop a SiC Fiber/TiAl-—based 
intermetallic compound composite material using the TiAl compound as the 
matrix. 


The temperature that this material can handle will be that of the inter- 
metallic compound matrix, and it is hoped that its specific strength and 
rigidity can be significantly improved through fiber reinforcement. Research 
in this area can be categorized into three interrelated groups. Results of 
work on high specific strength intermetallic compounds will be implemented in 
the primary research sector in the following order: 


1) Development of high-performance (high strength and acid resistivity) 
SiC-—based fibers 

2) Improvement of fiber-matrix compatibility 

3) Development of composition and shaping techniques 














; : a 
In the first category, the oxygen content in © 
both SiC (PC) and SiMC (PC) fibers has been 
lowered significantly (thus rendering them § 2.6F 
infusible) by electron beam irradiation, . bo 
thereby creating a highly heat-resistant SiC- @ 
based fiber (Figure 11). ro 
£ 
x. oO 
) oF 
Researchers working in the second category § NW. ©, 
have explored the possibility of using barrier ° 0 O° om 
materials to suppress reactions between fibers 4% 
and the matrix at the boundary, and have °& , 
narrowed their search to metals with high , + Tr aa 


melting points and a few types of ceramics. 

Oxygen Content of Sic Fiber /wt% 
The conclusion reached in item three was that Figure 11. Effects of Oxygen 
HIP molding of a flame-coated preform is the Content in Fiber on Tensile 
optimum method for fabricating composite Strength After Being Heated 
materials. Preform processing conditions for for One Hour at 1,500°C and 
flame coating matrix materials are already 1 Atmospheric Pressure 
being investigated. Further, basic experiments 
to deposit titanium from the raw material by 
the vapor phase method have been performed to develop a three-—dimensional, 
heat-resistant fiber cloth and to create compositing techniques suitable for 
the CVI method. 


5.3 Assessment Technology 


It is believed that fracturing in materials subjected to extreme environmental 
conditions like very high temperatures is completely different from when it 
occurs under normal conditions. The characteristics of these superheat- 
resistant materials must cover a wide range of temperatures and loading 
conditions. In other words, assessments have many variable parameters 
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In particular, the development of assessment techniques is most important 
Since such techniques do not exist, and there is almost no data on the 
behavior of such materials at high temperatures. For this reason, measurement 
techniques for thermal characteristics of materials at high temperatures are 
being developed. At the same time, techniques to assess the mechanical 
characteristics, anticorrosion, and acid resistance of such materials at 
extremely high temperatures, already are being developed. 


Methods to measure such heat characteristics as emissivity, thermal diffusiv- 
ity, and the coefficient of thermal expansion are being developed now. 
Emissivity was successfully measured up to temperatures of 1,200°C with the 
help of a semispherical mirror 


6. Conclusion 
In general, the development of new materials will lead to the creation of a 
new industry. Historically speaking, the development of new materials and 
their implementation have always taken many years. The development of an 
"advanced material resistant to extreme environments” as undertaken in this 
project will not be easy. We are confident that through active research and 
close communication between the industrial, governmental, and academic 
sectors, good results can be achieved. The following effects are expected 
through the establish of basic technologies 


(1) Space and Aeronautical Sector 
The space plane will fly at speeds of more than Mach 5, and its body 
temperature is expected to reach more than 1,800°C when flying through the 
atmosphere. The nose cone and front edges of the main wings of the SST/HST 
also will reach extremely high temperatures after long periods of exposure 

There also will be a demand to raise the combustion temperature in the engine 


to increase propuision 


T} 


The extreme environment resistant advanced material can be employed in these 
parts, thereby leading to the realization of the space plane and the SST/HST 


(2) Energy Sector 


The extreme environment advanced material will have sufficient heat and 
radiation resistance to be employed in coal gasification electric power 
generators, atomic power furnaces, and nuclear fusion furnaces. This is a 
promising material for allowing revolutionary designs, improving the 
reliability of structures, and facilitating automation 


(3) Elementary Structure Production Sector 


Superhigh-temperature furnace, melt furnace, hot press, and HIP techniques 
that employ the above production process require a heat resistance of more 
than 2,000°C. The development of advanced materials capable of functioning in 
extreme environments will make it possible to improve this process and to make 


it more reliable 
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Text! 1. Introduction 


Superconductivity occurs when the electrical 
resistance of a substance cooked to extreme- 
ly low temperatures reaches zero. This 
phenomenon was first discovered in Hg in 
1911 by Kamerlingh Onnes. Superconductivity 
disappears when the conducting substance is 
heated to a temperature above a critical 
temperature, Tc. It also disappears in the 
presence of a magnetic field stronger than a 
critical value, Hc, or when a current dens- Figure 1. Superconducting T-J-H 
ity stronger than a critical current dens- Critical Surface Plane 
ity, Jc, is applied to the substance. Figure 

1 shows the relationship between tempera- 

ture, magnetic field, and current density. It also depicts the boundary 
between super and normal conductivity (condition when electrical resistance is 
not 0). Let us call this the T-J-H boundary surface. Superconductivity occurs 
when all values are inside the surface, and normal conductivity arises when 
they are outside. The values for Tc, Hc, and Jc are large. Superconductivity 
is stronger when the space inside the T-H-J surface is large. 





2. Metal-Based Superconducting Material 


The superconducting phenomenon was confirmed in Pb, In, and Sn immediately 
after it was discovered in Hg. However, the Tc and Hc, (upper limit for 
critical magnetic field) values of these elements were too small to be 
practical. Superconducting magnets became a reality after the discovery of 
alloys and intermetallic compounds with Nb or V as the main constituent by 
Matthias, et al., in the latter half of the 1950s. 
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Metal-based superconductors can be 
roughly divided into three types: ele- 
ments, alloys, and intermetallic com 
pounds. The Tc and Hc, values for the 
main types of superconductors are shown 
in Figure 2. It is clear that Nb-Ti 
alloy has some superconducting proper- 
ties, since its Tc is about 10 K and 
He, (at 4.2 K) is about 11 T. A super- 
conducting material will not be feasi- 
ble unless it has superior supercon- 
ducting and workable properties. Nb-Ti 
alloy was widely used from the begin- 
ning as it is a highly workable materi- 
al, and today it is the main constitu- 
ent in wires. Nb-Ti alloy can be easily 
fabricated into very thin, multicore 
wires, and is not susceptible to dis- 
tortions. In other words, its shape is 
stable. The ratio of Nb to Ti in the 
alloy is 50-70. Its configuration is 
strongly influenced by its workability 
and heat treatment, and consequently, 


appropriate conditions must be selected 


before a desired configuration can be 
obtained. 


The strongest magnetic field that can 
be generated by Nb-Ti alloy is 10 T, 
and this can be further strengthened 
only through the use of intermetallic 
compounds. This was the impetus behind 
the development of V,Sn and V,Ga wires 

The surface dispersion method and the 
composite method have been used to 
fabricate these intermetallic com- 
pounds, as they are brittle. In the 
surface dispersion method, the V or Nb 
tape is continuously fused and plated 
with Sn or Ga. Dispersion occurs after 
heat-resistant to form a superconduct- 
ing layer of Nb,Sn or V,Ga on the tape’s 
surface. In the composite method, how- 
ever, the C-Sn or Cu-Ga alloy is fabri- 
cated first, and then Nb or V is added 
to produce a metal composite material 
that is made into the final wire. This 
composite is heat treated such that the 
Sn or Ga in the Cu alloy reacts with 
the Nb or V, respectively, to form a 
layer of Nb,Sn or V,Ga compound 
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Figure 2. Tc and Hc, of Metal-—Based 
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10’ 


10° 


(A San) 
2 


dc 
2 

















i. A 4 eetieeh 4 
6 8 10 i2 14 16 18 2 
B (TT) 


Figure 3. Relationship Between Jc and 
Magnetic Field for Metal-—Based 
Superconducting Material 








This composite method is suitable for fabricating complex shapes iike 
multicore wires. The Jc of wires made from Cu-Sn and Nb by the composit 

method decreases when a strong gagnetic field is applied. This disadvantage 
was reduced through the addition of Ti in the Cu-Sn alloy or Nb. Efforts are 
being made to improve the Jc values of superconductors in the presence of 
strong magnetic fields. Figure 3 shows the relationship between Jc and the 


magnetic field of a metal-based superconducting material at 4.2 K 
3. High-Temperature Superconducting Oxides 


Bednorz and Mueller’s discovery of La-Ba-Cu-0O based alloy in 1986 was followed 
by the discovery of a new copper-—based superconductor. Today, there are about 
30 types of superconductors, some of which have obtained a maximum Tc of 

125 K. This is an amazing feat considering the fact that. until a few years 
ago, metal-based materials only had a maximum Tc of 23 K. Research and 
development work om high-temperature superconductors covers a wide range of 
themes, from fundamentals like the superconductivity mechanism to applications 
in, for example, wires or electronics. Progress also has been remarkable. At 
present, however, no practical applications exist 


In the following sections, we will describe the research and development 


achieved to date 
3.1 Types of High-Temperature Superconducting Oxides 
(1) Structure 


Table 1. Principal High-Temperature Superconductors 








c= Designation Chemical formula Ye Structure 

La -besed 24 La, _,Sra),Cud, aon 
326 
212 La. Sr),CaCu,0, 60 « i 

Nc ~Desed 214 Nd. Ce),Cud, 20« y 

’ -besed 23 YBa,Cu,O Me li-c 
24) Y .Ba,Cu.0 6a x ii-c-ll-e a) Octohedral structure 
24 and its connection 
2 Y (Ba. Ca),Cu,0 90 * ] ¢C 

B: dDased 2212 8:.Sr CaCu,0 BC x ii- 6 
2223 B:. ©d), Sr .Ca,Cu,0 o* i- 

Ti-based = 2212 T\,Ba,SrCu,0 os l-b BO, 
2223 T1,Ba,S+r ,Cu,0, 25 i- 
212 T'Ba,SeCu,0 TL -e - am AO 
223 TiBa,Sr ,Cu,0 22* ii- a 

nota s2he PRS? {¥, CalCuy0, sor i-e b) AO and BO, lamina 
2212 Pb. Cu).(Sr. Ba),fY. ColCu,0, WK ll- f 
2'2 ‘Pb. Cu)(Sr. Ba).fY. CalCu,0. 208 i-@ 
i212 Pb. SrMSr. Ba)(¥. CalCu,0, 53 l-a {i} a @s oo 
e222 B+,Sr (Ln (Ce,0U,0, OK _-8 Figure 4. Perovskite 





Structure, ABO, 


Table 1 lists the principal high-temperature supercon- 
ductors (discovered to date) and their Tc 
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A high-temperature superconductor has the perovskite (ABO,) gicrostructure with 
Cu im its 8B site. The perovskite structure is shown in Figure 4(a) where the 
center of the oxygen ions has a 8 ion. Each octohedron is conmected to six 
others by a common oxygen ion to become a three-digensional structure. The 
crevice created by eight of these octohedrons is filled by A ions. As is shown 
by the perovskite structure in Figure 4(b). the AO (ome A. one 0) and BO, (one 
B and two 0) atomic planes are arranged alternately. This laminated atomic 
plane concept is convenient forunderstanding the structure of high-temperature 
superconducting oxides. and for this reason. will be employed hereafter 





Figure 5. Microstructure of (A) and ([B) Units of 
High-Temperature Superconductor 


The chemical formula for the so-called Y-based 123 is YBa,Cu,0,. It has a high 
Te of 94 K. The structure of the (A) Group II in Figure 5 is AO-BO,-A’-BO,-A0. 
By replacing A with Ba, A’ with Y, and B with Cu, the laminated structure of 
a unit cell becomes BaO-Cu0,-Y-—Cu0,-Ba0—-Cu0. This is also called YBa,Cu,0,, or 
Y-based 123. The Cu ion of the structure in (c) is directly above the 0 of the 
OA plane in (II) when (II) is placed over (c) 


The so-called Y—based 248 or 124 oxide has (II) over (d), to become Ba0-Cu0,-Y- 
Cu0,-Ba0O—Cu,0, or YBa,Cu,0,. The unit ceil is twice this, thereby resulting in 
a chemical formula like Y,Ba,Cu,0,,. The Te for Y-based 124 is 80 K. By 
replacing Ba with Ca to form Y,(Ba,Ca),Cu,0,,, the Tc is raised to 90 K. 


Next, let us focus on Bi-based 2212. This oxide is formed by overlapping [A] 
Group (II) with [B] Group (b) to become (Bi0),-Sr0—Cu0,-Ca—Cu0,-Ca-—Cu,-Sr0 
(Figure 6). The oxygen in the Y plane of YBa,Cu,0,, and in the Caplane of the 
(2212) phase is missing. In general, Y and Ca tend to form “oxygenless” atomic 
planes, and it becomes Bi,Sr,CaCu,0,, or, in short, Bi-based 2212. Bi-—based 2223 
phase has a high Te of 110 K. Its structure is an overlapping of [A] Group 
(III) and [B}] Group (b) to form (Bi0),-Sr0—Cu0,-Ca-—Cu0,-Ca-—Cu0,-Sr0, or Bi,- 
Sr,Ca,Cu,0y. 
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Tl-based 2212 phase has «a sicrostructure 
similar to that of Bi-based 2212 phase where 
the Bi. Sr. amd Ca in the Bi-based saterial 
are replaced by Tl. Ba. and Sr. respectively 


- 


Similarly. Tl-based 2223 phase has 
microstructure as Bi-based 222) phase. where 


> 


the Bi is replaced by Tl. Sr by Ba. and Ca by 
Sr. Tl-Dased 1212 has alternate lavers of (a) 


792 


1223 phase 


instead of i(b and (Ii while 


i 


has (a) and (iii 


> 7? 


The planes (I 3 and (III) of 
ome. two, and three layers of CuO, 
tively. Electric charge carriers move within 
the plane to facilitate conductivity or 


(2) Relationship Between Oxygen Content and 


Tc 





Te (a) 








6 8 1.6 
Oxygen yield &+¢ 


Figure 7. Relationship Between 
Oxygen Yield and Tc of 
YBa,Cu,0g¢,, and GdBa,Cu,0,,, 


the same 


A have 
respec- 








Figure 6. Structure of 
Bi,Sr,CaCu20, 


High-temperature superconducting oxides 
possess nonm-single-charged ions like Bi 

Tl, or Pb in addition to the Cu ion. Cu 
ions have charges like +1, +2, or +3; Bi 
has +3 or +5; Tl has +1 or +3; while Pb 
has +2 or +4. High-temperature supercon- 
ducting oxides usually have a gixture of 
differently charged ions with charges 
higher than two. The average charge has a 
close relationship with oxygen content 

Figure 7 shows the change in the Tc of 
YBa,Cu,0,,, and DyBa,Cu,0,,, at 90 K with 
variations in the average Cu charge with 
the oxygen content. Tc rises and then 
remains constant with a rise in the aver- 
age charge of Cu. Figures 8 and 9 depict 
the relationship between the oxygen con- 
tent and Tc (starting temperature) of Bi- 
based 2212 phase and 2223 phase. respec- 
tively. It is clear from these figures 


that there is a very close relationship between oxygen content and Tc. From 
this, we now know that oxygen annealing under appropriate conditions must be 


performed before a high Tc value 


superconducting oxides 


can be obtained for high-temperature 
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3) He, 


Both Te amd He, are high for high-temperature superconducting oxides. Table 2 
lists the He, for several such oxides. As is .vident from their structures, 


high-Cemgperature superconducting oxides have laminated structures where the 


physical characteristics within the sb plane and along the © axis are 

titferent. in other words. anisotrophy exists. In the same sanner. Hc, is also 

anisotropic. The He, that results when e gagnetic field is applied to the ab 

plame is usually several hundred T larger when the field is applied along the 
aa .5 


Table 2. He, of High-Temperature Superconducting Oxides 























(4) Je 


originally was an al@ost negligible value. but it increased with improve- 
ments Unlike Te, which has physical characteristics. Jc has material 
characteristics that are lacgely influenced by the sicrostructure of the 
superconductor. There have been gany endeavors to increase Jc values. YBCO- 
based thin films have been reported to have high Jc values of 8,000,000 A/cm” 
at 7? K. It also performs well im magnetic fields. Values of 1,000,000 A/cm’ 
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at 1 T, or 65,000 A/cm’ at 2 T have been reported. The use of fusion- 
solidification methods has produced good results. This is the QMG method 
developed by Nippon Steel Corp. The YBCO fabricated by this method will have 
Y,BaCu0, phase distributed in the aligned YBCO. The Jc value at 77 K when no 
magnetic field is applied to 10°Acm*, while a 1 T magnetic field applied along 
the C axis causes the Jc to become 10*A/cm* (Figure 10). 
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Figure 10. Relationship Between 10 F 500 
Jc and Temperature of YBCO ) 
Fabricated by QMG Method ' a oa a a ae a 
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B (T) 
| Jeo : 47,000 A / cxf Figure 11. Relationship Between Jc 
and Strength of Magnetic Field of 
Bi-Based Silver Covered 2223 
9 10°‘ Phase 
\ 
je a) 
ya Most Bi-based materials are fabricated 
S10 *F by placing the powder in a silver 
-—_ 4 sheath, which is then rolled and par- 
GY save tially fused and solidified. The C axis 
10? Ly . a : of the oxides in such tapes is usually 
0 10°? 10! | perpendicular to the silver surface. 


Magnetic field (Tesla) 


Figure 12. Magnetic Field Character- as shown in Figure 11, Jc values are 
istics of Critical Elec- high at 4.2 K. For instance, a 20 T 
tric Current Density magnetic field applied perpendicularly 

to the C axis results in Jc values of 
10°A/cm,. This value exceeds that displayed by metal—based Nb,Sn superconduc— 
tors. The anisotropy is large, and when a magnetic field is applied along the 

C axis, Jc becomes 10‘A/cm. However, Jc becomes significantly lower when the 

temperature rises. This is because the magnetic flux that is restrained by the 

normal conducting phase is released by the high temperatures. Various re—- 
straining mechanisms are being investigated. A good example of the temperature 
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characteristics is shown in Figure 12. A large Jc value of 47,000 A/cm? at 77 
K is shown in the figure. When a magnetic field of about 1 T is applied along 
the sheath direction at the same temperature, Jc drops to about one-tenth the 
aforementioned value. 

10’ 
A material is usually required to 
have a range of characteristics. ( ™ 





ioe & Electronic 





Superconductors are required to dis- devices 
play superior workability, mechanical 
strength, and durability, in addition 108 spaste es 
to its conductivity. Future technical fransmission = 
developments in all these areas magnetic field 
should be closely followed. % ad | anne 
a 
4. Superconductor Application a 10° F pte A a 
yaaa 9 power 
jenerator 
The relationship between supercon- oes 
—— 10? k Accelerator 
ductivity and its applications is Nuc lear 
shown in Figure 13. The Jc value — 
required in the electronics sector is io 


high, 10°A/cm?, although its magnetic 
field is small. In the case of strong 
fields of 10~10% T, Jc values of : a , 7 


10*~10° A/cm? will be required. ioe 10" - a io 10? 


Figure 13. Application in Superconduct- 
ing Wire Material and Jc-B Range 














A determination of the stage of de-— 
velopments attained can be made by 
comparing, in Figure 13, the super- 
conductivities of metal-based and oxide-based superconductors with the target 
goals. Significant developments in the characteristics of superconductors 
should be tracked closely. 
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[Text] 1. Introduction 


New structural and functional materials for use in aeronautical and space 
vehicles, instruments, and space structures must be resistant to extremely 
high and low temperatures and have specific strengths and specific rigidity. 
These materials also must be dimensionally and chemically stable; resistant to 
sudden drastic changes in the environment; consistent in their quality; very 
workable, especially when fabricating large structures; and low in cost. 


In an effort to meet these requirements, developments have been made in 
metallic or metal matrix composites (MMC). These include Al-Li alloy, Ti 
alloy, intermetallic compound (IMC), superheat-resistant crystal compounds, 
and heat-resistant eutectic alloys, functionally gradient material (FGM), 
polymer matrix composites (PMC) like carbon fiber-reinforced polyimide (CFRP), 
ceramics and ceramics matrix composite materials (CMC), and carbon fiber 
/carbon fiber matrix composite materials (C/C). Demand for these materials is 
sure to increase. This article explores the characteristics of these 
materials, their commercialization, development status, and future potential. 


2. PMC 
(1) Epoxy Resinal Composite Materials 


The most popularly employed material in the space and aeronautical sector is, 
as shown in Figures 1, 2, 3, 4, and 5,/ the carbon fiber reinforced composite 
material called CFRP, whose matrix consists of epoxy resin. This composite 
material can be used as a primary structural material in airplanes only if the 
fracture strain perpendicular to the fiber axis or its interlaminar cohesion 
strength is improved. The relationship between CFRP elongation along the 90° 
direction and matrix resin elongation is already known, but elongation along 
the 90° direction of commercially marketed products is as yet insufficiently 
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Figure 1. AV-8B Harrier 


understood. Signifi- 
cant improvements in 
CFRP interlaminary 
cohesive strength, 
meanwhile, has 
greatly improved its 
shock/impact resis- 
tance. The impact 
resistance of epoxy 
resins can be im- 
proved through the 
addition of a rubber 
component in the 
resin, but doing so will reduce 
its modulus of elasticity and also 
will degrade its thermal resis- 
tance and imperviousness to water. 
As a result, the compressive 
strength, particularly at high 
temperatures, of CFRP also will 
deteriorate. For this’ reason, 
research aimed at altering the 
properties of CFRP and at improv- 
ing its impact resistance are 
being conducted by using thermo- 
plastic resin in place of the 
rubber component.* However, ther- 
moplastic resin is incompatible 
with epoxy resin, and therefore 
research to alter the properties 
of the thermoplastic resin must be 
carried out first.° 
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Figure 3. Use of CFRP in A320 


| Weight reduction | 
accomplished = | 222k | 


Outer plate 
of vertical 
tail 
AW = 39% 





_ Elevon 
FRCI insulat- | Oo” = 48306 





ing main flap 

| leading-edge 

|nose cap 

OW = 43% 
— 
™~S 
Fusel fl 
Main gear door STRUCTURE + TPS pm = at ap 


OW= 22k <—_- 


Future weight reduction 
expected =m 





(Weight reduc- | 


‘Main stabilizer wing 1675 
tion possible | 


‘Front fusela 162 
‘Central teaolege 284 BO] ina J 
“Rear fuselage a 


Figure 4. Use of CFRP in the Space Shuttle 
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In addition, a method to strengthen the f 

interlaminary cohesive strength of the . | Ne ACC intertent A 

CFRP prepreg is being performed by in- 3 ‘o 

troducing a layer of highly workable £5 — w 855!-7 

resin into its lamina. As is evident *# ‘a 

from Figure 6, this material surpasses sé = MST-7 

' ef w» ace BP907 

the standards required for use as prima- ¢= “Nace CYCOH Ciba R6376 
. > Ree 

ry structural materials in airplanes | 
-_ ovens | 
~~. Narmco 

(2) Heat-Resistant PMC° : enete ®S245C 
e #3620 

Bismaleimido resin is as highly workable ¢ $360) | 

at 450 K as epoxy resin. It displays a * jo. ‘ ; 7 _ 

thermal resistance of about 500 K after C 50 100 150 

thermosetting at 503~523 K. Consequent- Wet compressive strength at 82°C (kg/m) 

ly, rapid progress is being made in the Figure 6. Shock Resistance of Epoxy 

development of matrix resins for use in Resin 


thermal-resistant composite materials 

Great advances have been achieved in the development of BMI ([4,4-bis(maleimido 
phenyl) methane] as a CFRP matrix since polyamino bismaleimido resin, a 
substance with balanced heat resistivity and malleability, was first developed 
by altering its properties using aromatic diamine. [ts commercial marketing 
was delayed, however, because its malleability did not reach the standards 
required. Subsequently, a technique, as shown in Figure 7,° to metamorphose BMI 
with a liquid diallyl compound was developed. Based on this, progress was then 
made toward the fabrication of polymer alloys from bismaleimido resin, thereby 
improving its malleability.® This, in turn, has led to significant achievements 
in the use of matrix resins in thermal resistant composite materials for use 
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Table 1. Characteristics of Highly Ductile BMI Composite Materials 
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in spacecraft and aircraft, and in instruments. Table 1° summarizes the 
properties of the latest highly malleable bismaleimido composite material. 


The polyimide resin developed in the 1960s is a condensation high polymer 
resin. However, simce the matrix in the composite material was not very 
workable, addition—hardened polyimide resin P13N was developed6 based on the 
addition reaction of madic acid. NASA served as the central coordinating body 
for this effort. However, difficulties in removing the solvent from the P13N, 
deterioration of the resin’s fluidity during molding, and poor workability of 
the autoclave have prompted the development of an on-site polymerization-type 
polyimide resin, PMR-15, from its monomers.’ The condensate water and alcohol 
produced during the early condensation stage of PMR-15 have low boiling points 
since the alcohol solvent also has a low boiling point, the volatile 
components can be removed easily during molding. Moreover, resin fluidity is 
much better during molding. PMR-15 is the most popular matrix resin for use in 
CFRP. NASA has pursued further research on polymer alloys. One of these alloys 
is LaRC-RP4O, a polymer alloy that is about four times® as malleable as PMR-15. 
It is made by adding NR150-B2 polymer to PMR-156. Another polymer alloy that 
is more than five times as malleable as PMR-15 can be made by adding LaRC-TPI 
to PMR-15.° The physical characteristics of PMR-15 and LaRC-RP4O are summarized 
in Table 2. 





Table 2. Properties of LaRC-RP4O and PMR-15 Composite Materials 











| LaRC-RPEO PMR- |S 

Cure temper ature("C ) 316 316 
Tg. (C) | | 

Ory %9 32 

wet 34 325 
Equilibrium moisture absorption (%) 0 1.3 
Flexural strength. GPA (Ksi) 

room tempersture as fabricated 840 (267) |846 (268) 

3'6°C as fabricated / 11990178) 1096 (159) 

316°C after '500 therma! cycies 1303( 189) | 744(/08) 
Flexural Modulus. MPa (Ms:) | 

room temperature as fabricated | 1$2.3(22.1) 114. 4016.6) 

3:6 as fabricated | 139.2(20.2) | 90.9(13.2) 

3\6°C after (S00 thermal cycles 82.7(12.0) | 79.9(11.6) 

i | 

interlaminar shear strength. GPa (Ks) | 

room temperature as fabricated | 97.8(/4.2) 110.3(16.0) 

3'6°C as fabricated 47.5 (6.9) 55.! (8.0) | 
Shear modulus (¢yne/cm’) 

25°C 8 BE +10 S46 +10 

36 C § SE +10 | 3.46 +10 
Wt ioss after (000 hours at 3/6°C 6.0 5.0 | 
Microcracks after |000 thermal! cycies 7 | a | 58 
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(3) PMC for Use at Ultralow Temperatures” 


The main applicatioms of PMC as a material for use at ultralow temperatures 
include liquefied gas tanks or the insulating material in superconducting 
coils. Figure 8° shows the characteristic of stainless 304, a typical ultralow- 
temperature material together with the strength versus insulating characteris- 
tics (thermal conductivity/strength) of PMC. From this figure, it is evident 
that PMC is a superior ultralow-temperature material. Figure 9° shows the 
relationship between temperature and thermal conductivity of PMC while Figure 
10° shows a relationship between thermal conductivity and modulus of elasticity 
of PMC. These figures clearly show that PMC, GFRP, AFRP, and CFRP (in that 
order) display superior adiabatic properties in ultralow temperatures. 
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3. Metallic Materials 


(1) Aluminum Alloy’® 





Unlike duralumin or super-super duralumin, which becomes heavier when alloyed, 
Al-Li alloy becomes lighter when alloyed (the weight of an aircraft body 
decreases by about 10~15 perceat when Al alloy is employed) since the density 
of Li is about 0.5 g/cm’. In addition, its strength and rigidity also are 
significantly improved. The Al-Li alloys currently being developed are the 


three following types: 





1) An alloy that has the strength of duralumin but weighs about / 


percent less; 
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2) An alloy that has the same high tension as super-super duralumin and 
weighs about 8 percent less; and 


3) An alloy that has a specific strength greater than 10 percent, and a 
specific modulus of elasticity about 20 percent that of conventional 
strong Al. 


For this reason, it is expected that this Al-Li alloy will play a major role 
as a material for use in aircraft bodies. However, this alloy has a low degree 
of malleability despite its strength, and this is a major drawback to its 
practical implementation. These alloys are listed in Table 3." 


Alloys that are more malleable than Al-Li alloys are being developed by adding 
Zr instead of Mn to suppress the coarseness of the crystal grains during 
recrystallization, and by reducing the Cu content. The mechanical properties 
of Al alloy are superior at normal temperatures, but they deteriorate 
significantly once the temperature exceeds 4/3 K. This deterioration at high 
temperatures is one of the major problems of Al alloy. 


(2) Ti Alloy>-?°-4 


The upper temperature limit where Ti alloy can be used is /23 K. This is very 
high compared to Al alloy. Its strength is comparable to its high tension 
network, while its density is 4.5 g/cm’, which is about half that of iron. 
Consequently, Ti alloy is attracting a lot of attention as a promising 
material that can withstand extreme conditions, unlike Al alloy. Further, the 
addition of a few percent of other elements to improve its characteristics 
will not greatly affect its density, unlike the case of Al alloy. 


4/7 





Table 3. Characteristics of Typical Al-Li Alloy 




































































































































































} : mi | _ Tough- , Y ’ 
| _—_— pusiit Tensile properties” bs 2 ity a 
Alloy Composition (wt%) ture’ ’ T a kg | -P E 
| Fa «| 00.2 é y ot aw 
- | | | | wafer | weft | % jae | © kg/ 
Sa | 2.3Li,!.4Cu.).0M , 
oS a oI - & pw le | 16 | 0.0) @o) 74) — | 2.54 _ 
—— ore + = oo T | Tt T 
uw “ 5. 6.2m | P/M MW T8 63.5 56.6 10.6 _ 2.64 7,850 
= +—- —————EEE7e dn — + t + + + 
| | ss.7' wi | 9 — | 2.55 | 8,010 
A | Li Gy, vw | Pp | — | ' 
—_— 2 MP [a9 a8) 1 | cura) | (2.85) (6.150) 
—_ + ——__— —_}+—_—_—4 + + > 
60.5 56.9 $ | 106 | 2.59 | 8,010 
Y . 2. 7Cu,0. 122 : “4 | 
oh Vetnontetentnedll Uh (56.9) | (52.0)| (9) | (69) | @.57) 07,730 
—— + —————— = a ——> 7 —_——— > T 
45.0 zi) s | — | 2.82 | 8,370 
Li, Cu.Mg, 2 mu u — | 
pil Ceubentectes (43.6) | (30.9) (10) (89) | (2.46) (8, 150) 
_- ——_+— - --—+——-- _ +—___—— + _ 
yp | Ou armbemst, | | 88. aT | 28s | 8,150 
Cu, Mg. 2r | | (49.6) (42.9), (14) | (110) | (2.55) |(8, 150) 
—~ - —+— — - - - —_—__$§4— 
hcan a | 25th 1-2Cu, 0. 7g : » | tg BO 2.9) 6 | 120 | 2.53 | 8,110 
’ 0. 122r (44.9) (38.8), (6) | (-) | (-) | (-) 
- —_—— —>— . ae > tT a 
Fg 2k 2.0Cu0.Me | | eg | 85.1 | 8.0] S| oe | 2.55 | 8,180 
0.122u | /—e (a2.9)) (6) | (-) | (-) | (-) 
> . : SS eee + _— — — 
01420 ar eS Se - | - | ae) 3s, 9  — | 2.47 7,530 
0.182r, 0. 18Cr | iz . i t . 
on ' 4.$Cu,!.2Li, 0.5Mn. ~ Tels | uel 3 ; — | 273 | 7.880 
0.2C¢ i j mr | s71j sis) 13 | — | = ~ 
lamagnaa | —t Tt tT 
2014 | — y | — | TOSI 49.2 42.0) 10 | 61 | 2.80 | 7,450 
| n 
_ > _ + = $——_—__—__4- a 
Pere | 1351 | 49.5 | 35.2) 18 | 142. 2.77 | 7,460 
— nl ee | Tas; | 49.5 459) 7 7% | «2.77 (7,460 
--— —— -— ——- --— -- + > - ~ ——-} ito coed 
| wets | | T6 | $8.3 51.3) 1 | 89 | 2.89 | 7,320 
7075 | oom — ae " T7% | 54.8 | 47.8 | 12 | 102 | 2.80 | 7,320 
| | | 773 | $1.3 | 44.3] 13 | 106 | 2.80 | 7,320 
(1) Extrusion material: E. Sheet material: P (2)( ): Value at center of targeted range 


( ): Estimated specifications 


Ti alloys that are commercially available now can be roughly classified into 
the three types shown in Table 4.*° They are a, at, and # types. The a Ti 
alloy has elements like Al added to its low temperature a phase to improve its 
stability. It does not display the fragility of other alloys, including during 
its 8 phase at high temperatures of about 773 K. The a-Ti alloy also is very 
easy to weld. Al is mixed near the upper limit of its solid solution (6~8 
percent) in order to improve its strength. A sub-a type called super a-Ti 
alloy also has been developed by adding large amounts of various elements. 
This material can find application in jet engine parts or large structural 
elements. Ti-6Al-4V alloy is a typical a+$ alloy whose metallic microstructure 
can be significantly adjusted through heat treatment. This alloy is very 
malleable, easily welded, and highly reliable. Consequently, it is becoming 
popular as a material for general-purpose aircraft bodies. However, at 
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Table 4. Strong Ti Alloy 






































| - | | Tensile 
| ype oy composition Heat treatment strength Notes 
4 | | tae) | _ 
| Pure Ti for industrial use —— cold | 25~SO = Superior welding property 
@ phase SAI-2.SSa hentine ] 87 | Fair welding property 7 
» 8Al-\¥-|Mo ” | 12 ” 
ghese TAI-122r ” 16 ” 
2. 25Al-| 1Se-SZr-0. 2Si | ” (12 r- sage Cig tanperciae 
A280 A2r-Blho | sta 120 —_|cu-S. beved quenching property 
a+ 6A)-4V Annealing 95 ‘Most widely used 
phase STA 120 Rollable material, cast materia! 
4A\-3Mo-\V STA 136 poblebe exter iat. welding 
4Aj-4Mo-2Sn-0. SSs STA ste 
GAI-2Sn-22r-2Cr- STA 130 | (U.S. }G00d quenching property 
2Mo-0. 25S: | 
SAI-4.5¥-2Mo-ICr-0.6Fe STA | 185~200 |(RussiadPrototype, no toughness 
6Ai-6V-2Sn -62r - (Cu, Fe) | STA | 133 (France) Prototype 
BA!-4Co STA iM (Japan) Prototype 
Bphase | 13V-11Cr-3Al } STA 160 U.S.) 
| 1Cr-BMo- 3Al STA 148 = (Russia) 
| |SMo-S2r-3Al STA | 150 | (Japan) Toughness 
| 11 .SMo-62r-4.5Sn STA 9 Beta III Very workable (U.S.) 
| 3A!-8V-6Cr-42r-4Mo i STA | 126 [Seta C Very questionable (U.S.) 











temperatures above 670 K, the strength of this alloy drops drastically. Its 
workability worsens, and, in some cases, the yield of spare parts production 
from the cast material to the finished product is less than 10 percent. Cold 
molding of sheet parts deteriorates, thereby requiring heat molding at 
temperatures above 1,000 K. Other problems include a high material cost, which 
is about 10~15 times that of Al alloys. The demand for high-performance 
materials for use in space and aeronautical equipment has prompted research to 
focus on very workable Near-§ alloy and # alloy. These alloys are more 
workable than the a alloy. Most of these alloys are strengthened by the time 
limit deposition method. The #-Ti alloy that has been developed and made 
commercially available in Japan is Ti-15Mo-5Zr-3Al, while in the United States 
the corresponding alloy is Ti-15V-3Cr-3Sn-3Al. It is expected that these 
promising alloys will be adopted for use as structural materials in aircraft 
bodies in the near future. 


A powder metallurgy method that employs rapid cooling and solidification 
techniques recently has been drawing a lot of attention as a means of signifi- 
cantly improving the performance of Ti alloys. The crystal grains of Ti-6Al-4V 
are made finer, while its a phase becomes isoaxial when it is rapidly cooled 
and solidified.’* A similar phenomenon can be observed in Ti-Mo-Al, which 
features greatly improved tensile strength.’* A similar significant increase 
in strength can be observed in Ti-3Ni-6Al and Ti-15Cr-4Al, or Ti-8V-5Fe-lAl, 
which are deposited together.’° A 10 percent increase in strength can be 
observed in Ti-8V-5Fe-1Al at 1,380 MPa.*® Ti-25Zr-10Be becomes noncrystalline 
when rapidly cooled and solidified. In this manner, the anticipated strength 
at 2,345 MPa can be obtained.”’ Further, noncrystalline Ti-Zr-Ni-Si becomes 
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crystalline after time limit treat- 
ment, thus creating a superfine 
microstructure of less than 1 ua. 
Results of research on the strengths 
of these materials at 2,700 MPa also 
are available.’ As is shown in Fig- 
ure 11,° the rapid cooling and so- 
lidification of Ti-6Al-4V, after 
which 1B is added, has resulted ina 
highly improved high-temperature 
strength’® through particle distri- 
bution caused by the B addition. 


(3) Intermetallic Compound (IMC) 


Ti-Al intermetallic compounds, espe- 
cially Ti,Al or TiAl, which are more 
heat-resistant and lighter than Ti 
alloy, are now attracting a great 
deal of attention. TiAl is more heat 
resistant and has higher specific 
strengths than Ti,Al. In particular, 
it is heat resistant to around 1,270 
K. However, this material is not 
practical as yet because of its 
brittleness at room temperature, and 
because of its poor resistance to 
acid at high temperatures. In 
Japan, these problems have been ad- 
dressed in a Jisedai "Super Environ- 
mentally—Resistant Advanced Materi- 
al" project. The main goal is to 
develop a material that possesses 
more than 3 percent rollability.’® 


Alloys with relatively high contents 
of Nb (Ti 24wt%, Al llwt%, Nb) have 
been developed to overcome the brit- 
tleness of Ti,Al at normal tempera- 
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Figure 11. Properties of B-Added 


Ti-6A1-4V When Rapidly Cooled 


tures, as shown in Table 5.° In the United States, test use of such materials 
in prototypes of large aircraft parts already is under way. The present status 
of research on the development of Ti,Al and TiAl gas turbine parts in the 


United States is shown in Table 6.° 


Space plane engines require materials that can withstand temperatures of 
around 2,270 K. In this regard, intermetallic compounds appear to have high 
potential. In particular, Nb,Al, with a high melting temperature of 2,230 K, 
and MoSi,, which has an equally high melting point of 2,140 K, are believed to 
offer the greatest potential. Nb,Al is an intermetallic compound with an AlL5 
microstructure. It displays superconductivity, and has a density of 8.0 g/cm’. 
However, Nb,Al itself is brittle, and its acid resistivity is not what one 
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Table 5. Effects of Addition of a Third Element on Properties of TiAl Alloy 


















































Element Amount Vickers hardness Deformation | Resistance 
(mass?) ability for 
As cast Heat : oxidation 
treated 
is 1 ee 

Nb 30 511 223 

40 —_ 242 Brittle 

50 677 —_ Very brittle 

60 — — 
V 20 511 474 Brittle Good 
Cu 20 446 —_ Very brittle 

4 
Fe 30 -- -- Generation 
Ni 30 -- -- of cracks on 
Co 30 -= + solidifica- 
tion 

Ag, 10 279 171 

20 285 176 Deformable 

30 226 129 

40 209 166 

——————————————— 

















*Annealed for 604 ks at 1,213 K 


would wish for. Further, the difference in the melting points of Nb and Al is 
large, thus making it difficult to fabricate a homogeneous material. The 
solution to these problems must be given priority. 


(4) Metallic Materials for Use in Engines for Air and Space Planes” 


The larger the maximum and minimum in temperature and pressure in the internal 


combustion of a ject ine, the greater its thermal efficiency becomes. The 
temperature at th th of the first turbine was about 1,050 K, but its 
temperature has ased each year thanks to improvements in material 
performance. The ..y metallic materials that can withstand such high 


temperatures and the burning envircnment are superheat-resistant alloys with 
Ni or Co as the base material. The maximum temperature that, for example, 
state-of-the-art Ni-based superalloy can withstand is about 1,300 K. Figure 12 
shows NASA's forecast for progress in heat-resistant turbine blade materials.*° 
The alloy currently employed is the superheat-resistant alloy mentioned 
previously. Future materials will not be completely new, but rather improved 
versions of existing materials. The leading heat-resistant materials are 
superheat-resistant alloy with single crystals and heat-resistant eutectic 
alloys. 


The strongest material deposited as a eutectic alloy can be strengthened by 
the same mechanism as MMC by arranging the deposition to follow a certain 
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Table 6. Development of Ti,Al. TiAl Parts for Gas Turbines in the United 
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Figure 12. Advancements in Heat- 
Resistant Materials for Use in 
Turbine Blades 








direction with the help of a solidification technique. This eutectic alloy is 
relatively stable at high temperatures, when compared to normal MMC, because 
of its thermodynamically stabie phase. Further, the strengthened phase and 
matrix bond extremely well. All these alloys are stronger than conventional 
Ni-based alloys, as illustrated in Figure 13.2} 


In addition to the above, alloys are being strengthened by dispersed 
particles. These alloys include MA754 alloy with Y,0, distributed in a 20 
percent Cr-Ni alloy, MA956 with Y,0, distributed in 20 percent Cr—Fe alloy, and 
MA6000E with Y,0, distributed in an Ni-based superalloy. 
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which has a superior heat-resistant matrix, becomes advantageous. As 
illustrated in Figure 14,° low-temperature MMCs include heat-resistant Al-base, 
Ti-base, Ti-Al intermetallic compound-base, and superalloy-base (including Ni- 
Al intermetallic compound base). For high temperatures, it shifts to a metal 
base with a high melting point (including same-based intermetallic compound). 
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(1) Al-Based MMC? 


Al-based MMC is the most researched material to date. However, there are very 
few reports on heat-resistant Al-based composite materials. Figure 15° depicts 
the relationship between the specific strengths and temperature of MMC 
developed under the Jisedai Project. SiCpy fiber/heat-resistant Al-based SCS- 
2/Al-4Ti and SCS-2/Al-8Cr-lFe displayed the same superior high-temperature 
strengths as Ti alloy MMC strengthened by SiC fibers (SCS-6) using the same 
base as the above-mentioned materials. Their specific strengths are aston-ish- 
ingly high, showing values of more than 55 km at 700 K. 
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Under the Jisedai Project 


Even heat-resistant Al-based MMC for precursor-type Si-C-O-based fibers 
(Nikalon) or Si-Ti-C-O-based fibers (Tyranno fibers) have been developed. Both 
have Al-Al,Ni eutectic alloy as the matrix (Nikalon/Al-5.7 Ni,** Tyranno/Al- 
8Ni**). Their strengths are inferior to that of SiCpy-based MMC until about 
700 K. They displayed normal temperature strengths, but, on the other hand, 
exhibited superior heat resistance. These MMCs are unidirectional (UD) 
materials, and their 90° strengths are characteristically higher than other 


Al-based MMC. 2* 
(2) Ti-Based and Ti-Aluminade-Based MMC**> 


Both Ti and Ti-Aluminade are reinforced SiC fibers using the CVD method 
(SiCcey). The main type of reinforcement fiber used is the carbon-—coated SiCS- 
6, as this improves the fiber-matrix compatability. Ti-based MMC is gradually 
shifting from Ti-6Al-4V matrix alloy to Ti-15V-—3Cr-3Sn-3Al or Ti-—10V-2Fe-3Al, 
B-alloys. Foil/fiber/foil sandwich hot press, or HIP, is becoming the standard 
fabrication method for composite materials. That technology is now almost 
complete, and is entering the phase of developing production techniques for 
parts used in actual equipment. Boundary reaction advances when SiCS-6/Ti is 
heated above 770 K. An increase in the thickness of the reaction layer between 
carbides and silicides also was observed. However, the effect on tensile 
strength was unexpectedly small. The oxidation of SiCs-6/Ti when heated in the 
air has been identified as a major problem. A summary of the characteristics 
of SCS-6/Ti-6Al-4V and SCS-6/Ti-15V-3Cr-—3Sn-3Al is shown in Table 7.*° 


Research is now under way on Ti,Al(a-2) and TiAl(y) matrixes in Ti-Aluminade- 
based MMC. This MMC is also part of the "Super Environmentally-Resistant 
Advanced Material" research under the Jisedai Project sponsored by the 
Japanese Ministry of International Trade and Industry. Development work using 
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Table 7. Characteristics of SCS-6/Ti Alloy 
(Sample dimensions: 62 lamina panel) 





Mechanical properties of SiC /Ti-6-4 (35v/o) 


Before heat treatment rsh » heat ‘oct 














x S. D. x S. D. 
Tensile strength achieved MPa(kgt/av) 1690 (172) 119.3 (12.1) 1434 (146) = 108.9 (11.1) 
Modulus of elasticity GPa(tont/a) ig6 2 (18.9) 7.58 ( 0.8) 190.3 (19.4) 8.3 ( 0.9) 
Distortion rate 0.% 0.08! 0.86 0.087 





Mechanical properties of SiC/Ti-'5-3-3-3 (38-4!v/o) 
Before heat treatment 





“Whter Rheat treatment 








x S. D. x S. 0. 
Tensile strength achieved MPa(kgt/a) (572 (160) 138 (14) 1951 (198) 9.5 (9.8) 
Modulus of elasticity GPa(tonf/av) 197.9 (20.!) 6.21 (0.7) 213.0 (21.7) 4.83 (0.5) 


Distortion rate a — —_ — 





Nikalon and Tyranno began in 1989. The temperatures that these alloys can 
handle are 1,090 K and 1,250 K, respectively. Development work involving both 
MMC and Ti,Al—based alloy has been undertaken, and Ti-24Al-11Nb, Ti-25Al1—13Nb, 
Ti-25Al-17Nb, and Ti-25Al1—10Nb-—3V-1Mo have been employed as matrix alloys. The 
plasma injection method is attracting considerable attention as a preform 
method for fabricating composite materials, thanks to its ease of fabrication. 
Despite the amount of research on fiber/matrix boundary reactions in SCS-6/ 
Ti,Al,*’ there are almost no reports on its mechanical characteristics. A 
reaction layer results from boundary reaction between carbides and silicides 
in SCS-6/Ti,Al. As a result, a $8 dehydrated area is formed in the neighboring 
matrix. This area becomes hard, thereby reducing the ductility and strength of 
the composite material. 


(3) Superalloy and Ni-Aluminade MMC° 


Research on tungsten fiber-reinforced TFRS was initiated in the United States 
with the goal of using this material in the turbine blades of jet engines. To 
date, the tungsten fibers have been improved, matrix alloy compatibility 
research has been performed, techniques for the fabrication of composite 
materials have been developed, and creep characteristics have been determined. 
However, such superalloys still are not commonly available, as it has not been 
possible to raise their maximum temperature by more than 50 K. 


Research already has begun on SCS-6, Sigma, and B,C/B fibers in Ni-Aluminade 
MMC. Boundary reactions were prominent in all cases, thereby necessitating 
some sort of barrier coating.*® For this reason, research is still at the stage 
of preliminary investigations of the compatibility between the reinforcing 
fiber and the matrix. 
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5. Ceramics and Ceramic Matrix Composite (CMC) Material” 
(1) Unit Ceramics 


Of the many unit ceramics that have been developed, oxide ceramics are the 
most heat and oxidation resistant, and their strength and rigidity at normal 
temperatures also are high. As shown in Figure 16,*° their strength drops with 
temperature. Their specific strength also drops as their density is high, a 
disadvantageous factor in the airplane industry, which places a premium on 
lightness. SiC and Si,N, ceramics display superior high resistance compared to 
oxide ceramics. Therefore, they can be employed at high temperatures. As is 
clear from Figure 17,°° Si,N, displays a high level of strength of up to 1,370 
K, but above this point SiC is the strongest. One of the factors in the drop 
in the strength of Si,N, at temperatures above 1,470 K is that the oxide 
sintering promoter softens at high temperatures. There is a great demand for 
the development of a new promoter system that can withstand high temperatures. 
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figure is 3~5 MPa-m’/*. The former is 
slightly better. Research is currently 
being conducted on ways to improve the 
malleability of Si,N, by distributing 
nanometer-sized particles in it.*! The strength and malleability of Si,N, can 
be improved by distributing SiC particles in it by CVD hot pressing Si-C-N 
composite powder and a Y,0,-Al,0, promoter. Table 8° shows the particle content, 
strength, toughness, and thermal expansion coefficient of Si,N,. 


Table 8. Mechanical Properties of Si,N, With SiC Particles Distributed in It 








Composte Toughness Strength Therma! expansion Young's modulus’ ATc’ aYqTc 
(MPam'") (MPa) coefficient ("C ~') E(GPe) ("C) (C) 

SiN, 5.5 1100 3.4x10 * ws 1050 1050 
Si,N,/ 1 Ovol% SiC 5.7 113 3.7x10°° 315 857 $20 
Si,N,/2Swol% SiC 6.5 1550 4.ixio* 330 759 800 
Si,N,/32v0l% SIC 6.! 1260 4.2x10° M0 486 530 





"Calculated using 2 linear relation between £ = 305 GPa for SiN, and E = 440 GPa for S.C 
*Caiculated from strength, thermal conductrvity (see Fig |). Young's modulus and thermal expansion coefficient Posson's 
reteo was assumed to be 0 25 for all the composites 
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The most significant characteristic of umit ceramics is their superior 
mechanical properties at high temperatures. Others include its oxidation 
resistance and its dimensional stability (dimensional precision) due to its 
low thermal expansion. Despite the disadvantages mentioned earlier, ceramics 
are expected to play a major role as materials in future space planes or 
supersonic jets that are used under severe conditions. Ceramics are thought to 
be particularly promising for use as materials in thermal combustion engines 
or as structural materials in parts of aircraft bodies subjected to high 
temperature and oxidation. As such, overcoming the biggest disadvantage of 
ceramics, their brittleness, has become the most immediate problem that must 
be tackled. 


(2) CMC Reinforced by Long Fibers 





SiC fiber (Nikalon)/glass CMC developed 
by United Technologies of America uses 
borosilicate, high silica gel, or lith- 
ium aluminosilicate (LAS) as the ma- 
trix. This material is marketed under 
the name of Compglass. As shown in 
Figure 18,°* Compglass displays high 
values for both its bending strength 
and K;c when compared to unit LAS ma- 
trix. Also, when the newer matrix LAS- 
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K, as is evident from Figure 19.* 
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Figure 19. Tensile Strength of SiC Figure 18. Characteristics of 
Fiber/LAS III Composite Material Nikalon—Reinforced Lithium 


Silicate Glass 


The development of SiC fiber/calcium oxide-aluminosilicate (CAS) CMC, which 
possesses almost the same characteristics as the above-mentioned SiC/LAS CMC, 
is being pursued in America by Corning Glass.** The SiC fiber (Nikalon)/SiC CMC 
fabricated by the CVI method, which was first developed by the French company 
SEP and later by Aerospatiale, the United States’ Dupont, and Japan's Mitsui 
Shipbuilding Co., is expected to find applications in the apozimotor nozzle, 
gas turbine blade, and external tiles of space shuttles, etc., because of its 
high malleability and the high temperature (1,520 K) it can withstand, as 
shown in Figure 20.*° 
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Both SEP and Dupont are developing car- 
bon fibers (CF)/SiC CMC using the CVI 
method. The characteristics of the CMC 
developed by SEP are illustrated in 
Figure 21.°© This CMC is less resistant 
to oxidation than the above-mentioned 
Nikalon/SiC CMC, because its reinforcing 
fiber is carbon. When this material is 
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Figure 21. Characteristics of Carbon Fiber/SiC Composite Material 
15 MPa-m*/* by hot pressing unidirectional laminated sheets. This Tyranno 


fiber-sintered ceramic (Tyrannohex) is, as shown in Figure 22, a hexagonally 
transformed fiber with very compact packing.*’ Figure 23 shows the bending 
strength of Tyrannohex at high temperatures.*® This material displays high 
strength at the high temperature of 1,670 K in air. It is believed that this 
is a promising material for use at high temperatures in a wide range of 
applications 


(3) Whisker-Reinforced CMC 
The composition process can be greatly simplified, because whiskers can be 


handled like powders. Moreover, the material can be isotropically strength- 
ened, which is not possible with long fibers. Developing this material for use 
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etc. Significant improvements in the Kj . 


values of 5~8 MPa-m’/* were not observed 

in whisker-reinforced CMC made of superior heat-resistant SiC unit ceramic and 
a Si,N, matrix, which has superior mechanical properties 

The K;- values were large: 12~14 MPa-m*/* for CMCs with matrixes like zirconia 
or zirconia-alumina, unlike other matrixes. They also displayed superior 
strength, and, as shown in Figure 16, zirconia or alumina alone has the 
disadvantage of not being able to maintain these strengths at temperatures 





The ceramics were reinforced with whis- 


Kers to reduce their brittleness, but 4 
the actual situation is that no signif- ¢ 
icant progress has been made in in- : 
creasing its K;c values through the 5 
addition of SiC or Si.N,, which are re 
considered promising high-temperature & 
materials for use in the space and 
aeronautical sector ¥ 
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6. Carbon Fiber/Carbon Composite 
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and electric conductivity,as well as high specific strengths and specific 
rigidity, even at high temperatures, as illustrated in Figure 24.° 


It was these qualities that prompted the United States to begin research in 
the 1960s on the use of C/C composites as heat-resistant materials in nozzle 
cones and for the leading edges of the space shuttle. The RCC (reinforced 
carbon carbon) in early space shuttles used carbon fibers (rayon) with 
relatively low strength and low coefficient of elasticity. In the 1970s, 
research on the viability of using C/C composite materials as brakes in 
airplanes was initiated, and these materials are now being employed in jet 
fighters like the F-14 and the F-15. Brakes in commercial passenger planes 
(B-757, B-767, A-300, A-310, etc.) recently have begun to use C/C composite 
materials. NASA has implemented a project to employ C/C composite materials as 
the main structural material in the next-generation of space planes. NASA also 
is sponsoring research on a new C/C composite material called ACC (advanced 
carbon carbon) which has higher strength and elasticity, and provides better 
performance. 
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Figure 25. Application of C/C Composite Materials in HOPE Fuselage 


Domestic research on C/C composite materials includes work on pitch-based 
carbon fibers and a PAN—based highly elastic carbon fiber. Work also is under 
way to improve the properties of ACC, and on possible applications of heat- 
resistant structural materials. The HOPE Project headed by NASDA for launching 
the H-II rocket is related to the development of technologies for a completely 
recyclable space plane. C/.C composite materials, with their high strength, 
elasticity, and heat resistance, are vital structural materials in this 
project. Figure 25 shows the heat resistance concept and the materials*® to be 
applied in the HOPE Project, while Table 9 lists the target mechanical 
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Table 9. Target Mechanical Properties for ACC Developed by NASDA 
rr ne gi 















































Item Target value 
Tensile strength kgf/mm? > 30 
Tensile modulus of elasticity kgf/mm > 13,000 
Bending strength kgf /mm* > 25 
Bending modulus of elasticity kgf/mm* > 8,000 
Fabricated dimension mm 300" x 300) x 1st | 
- — a 
values*® for the C/C composite materials | rie =O Elongation —— _ 
in the HOPE Project. Further, the "De- rieeec | @ Pitcn 








velopment of Super Environmentally- 
Resistant Advanced Materials" under the 
Jisedai Project begun in 1989 has con- 
centrated on the development of carbon 
fibers with superior heat and oxidation 
resistance as well as next-generation 
ACC featuring high strength, rigidity, 
and oxidation resistance at high tem 
41 , 0 ~ _ - 

peratures .** The carbon fibers employed 0 200 400 600 800 1000 
in C/C composite materials are PAN, lensile strength (GPa 

pitch, or rayon. The rayon-based fiber 
is a commonly used fiber with a 
strength of 1,000 MPa and a modulus of 
elasticity of about 100 GPa. Thus, ACC 
developments concentrated on PAN-based 
and pitch-based fibers. Figure 26° shows the strength and modulus of elasticity 
of PAN-based and pitch-based fibers. Fibers were classified as HT (high 
tensile strength), UHT (ultrahigh strength), HM (high modulus of elasticity), 
and UHM (ultrahigh) types. PAN-based carbon fibers are of the HT type, while 
pitch-based carbon fibers are a superior HM type. The pitch-based fiber is 
generally more oxidation resistant than the PAN-based type. Its strength and 
elasticity can be easily expressed when employed as a C/C composite material 
because it has a high coefficient of elasticity. However, it is disadvanta- 
geous in that it has low rupture elongation, is difficult to handle, and has 
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Figure 26. Relationship Between 
Tensile Strength and Modulus 
of Elasticity in Carbon Fibers 


a low compressive strength 


The matrixes employed in C/C composite materials are either thermosetting 
resins or thermoplasticizing resins, as shown in Table 10.° The main thermo- 
setting resins are phenol, furan, and epoxy resins. These resins are easier to 


work than thermoplasticizing resins. CFRP technologies also can be employed 
However, the carbon yield in these resins is low (less than percent while 
their density will increase only after several repetitions of the infiltration 


and carbonification processes. Pitch is a typical thermoplasticizing resin 





Table 10. List of Ingredients for C/C Composite Materials 
_— ——- 


























a 
Carbon fibers Matrix types Infiltrated and 
densified materials 
ePAN fibers/ eThermosetting resins: eThermosetting and 
High elasticity Phenol resin thermoplasticizing 
type Furan resin resins: 
High tensile Epoxy resin Phenol resin 
strength type Polyimide resin Furan resin 
ePitch fibers COPNA resin Pitch 
High elasticity eThermoplasticizing resins: | eCVD ingredients: 
type (petroleun, Pitch—Isotropic Methane 
carbon type) —Anisotropic Propane 
eRayon fibers Pitch + phenol resins Benzene 
Aromatic polymers Dichloroethylene 
eReinforcement materials: 
Cokes 
Carbon black 
Natural graphite 
Meso carbon 
—————— SSS 

















Pitch is easy to handle, has a relatively low softening point, and is 
isotropic. Mesophase pitch has also been used recently. The advantage of using 
pitch is that the carbonification yield is high (50-80 percent, and the 
oxidation resistance of the matrix carbon produced is better than that from 
the thermosetting resin 


The most common method for preventing the oxidation of C/C composite materials 
is to coat it with SiC and then crack seal it with a glass such as Si0O,. There 
also are reports on other methods, such as combinations of single or multiple 
coatings with HfC, SiC, ZrC, etc., by the chemical vapor deposition (CVD) 
method, and crack sealing or thick coating with SiC or Si,N,. These are then 
heated to 1,970~-2,070 K. Current research efforts are focused primarily on 
heating to 2,070 K, and, to date, there are as yet no reports on oxidation 
resistance above 2,070 K 


7. Functional Gradient Materials (FGM)™” 


A very large temperature difference can occur between a heated surface and the 
opposite side of a piece of material, thereby creating a large thermal strain 
Under such severe conditions, applying a ceramic material on the high- 
temperature side creates a heat-resistant layer, while a metal or a ceramic 
material, with a high thermal conductivity and strength on the cold side 
contributes greatly to the development of an FGM. The structure and percentage 
of airholes between the two sides are controlled such that the thermal strain 
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is actively neutralized. The ideal concept for the structure of this material 


is illustrated in Figure 2/.** Today, many researchers are exploring bases like 
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Figure 27. Depiction of Gradient 
Functions 
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Figure 28. Temperatures That Various Materials 
Can Withstand 
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2.1 Advanced Metallic Materials and 


Characteristics 


Classified According to Functions 


Table 1 lists those advanced metallic materials whose functions or character- 
istics are superior to existing types. 


Table 1. Types of Advanced Metallic Material Classified According to Functions 


and Properties 

















Ultralow- Material that supports Most are existing materials. 
temperature superconductivity. Struc- 
material tural material for use in 
areas of extreme cold. 
Shape- Multipurpose materials Range of materials has in- 
retaining like sensors, actuators, creased due to clearer under- 
alloy and materials for tying. standing of the principles. 
Various applications exist. 
Magnetic Material for many types of | Diverse research, both basic 
material electrostatic devices like | and applications are in pro- 
sensors, actuators, etc. gress. 
Hydrogen Materials for supporting Basic research on materials 
absorbing hydrogen energy systems. and mechanisms for energy sys-— 
policy Heat pump materials. tems is being conducted. 
Controlled Material that absorb Some examples of feasible 
vibration vibrations. applications. Quite a number 
alloy of materials that are con- 


sidered feasible to develop. 





Ultrastrong 


Material that supports 


Wide range of research, both 

















copper structures whose weight basic and applied, in progress 
can be reduced and made by material manufacturers. 
more compact. 

Superhard Superior material with Number of applications in wall 

alloy antiwear and antiadhering materials and tools. 
properties. 

Super- Material that renders Examples of applications in 

plastic difficult—to—work prototypes, shaping of 

material materials more plastic. difficult-to-work materials. 

Superheat Structural material for Range of research increased 

resistant use at extremely high tem— | materials other than metallic. 

material peratures. 

Super- Material for use in Expected to be a new driving 


conducting 
materials 





devices generate strong 
magnetic fields. High 
efficiency electric wires. 





source, but there will be very 
little connection with the 
automobile. 
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The materials that are expected to have a significant effect on the automo-— 
bile industry, both qualitatively and quantitatively, are “hydrogen absorbing- 
storing alleys," “ultrasonic steel,” and “ultraheat-resistant materials." A 
hydrogen-—absorbing storing alloy is employed in actuators and heat pumps. 
Research on its effects on automobiles is being closely tracked by automobile 
manufacturers, particularly its use as a material for supporting the hydrogen 
energy system. This research is expected to revolutionize designs for the 
engine, fuel system, chassis layout, and the heat control system. 


Ultrastrong steel is an iron-based material with a tensile strength of more 
than 2 GPa. Its use has helped reduce the weight of value-added parts in 
military, air, and space vehicles, as well as racing vehicles, thereby making 
the vehicles more compact. This material is expected to become a strong 
competitor among lightweight materials like aluminum or titanium in the design 
of sporty luxury cars in accordance with the present trend in tastes 


There are a number of cases where steel materials are again being recognized 
for their light weight. 


The heat-resistant materials mentioned here are nickel, cobalt, and iron-based 
materials used for fabricating such automobile parts as valves, turbochargers, 
and other engine parts. The number of applications for these materials has 
been greatly expanded through cost reduction and by improving their workabil- 
ity, i.e., machining and ease of casting, thus creating a possible revolution 
in engine design. The development of new materials in recent years has spurred 
the use of intermetallic compounds 


2.2 Classification According to Morphology and Shape 


Table 2 lists the types of advanced metallic materials classified according to 
their morphology and shape. The intermetallic compounds listed here display 
values for heat resistance, toughness, and heat conductivity that are between 
those of metals and ceramics. The type and characteristics of such materials 
cover a wide range. Consequently, their application in areas that are 
currently covered by ceramics is being followed closely. For example, their 
light weight, high performance, and compactness are expected to revolutionize 
the automobile industry by using them to produce heat-resistant parts in the 
engine like the turbocharger rotor, valve, piston or hot charger, or by using 


them in heat-removal and heat-resistant parts of the engine, such as parts in 
the turbo compound system, cam follower, cam, etc. Moreover, there are still 
many properties of intermetallic compounds that are unknown, and thus such 
compounds may affect the automobile industry in unexpected areas 

MMC (metal matrix composite) materials have attracted considerable attention 
since their development, but to date, they have very few applications 
Problems such as cost and productivity remain to be tackled before they can be 
applied as a lightweight yet strong material. For example, one of the main 
research themes in the application of MMCs as structural materials involves 


their fracture mechanism and heat deformation 








Table 2. Types of Advanced Metallic Materials Classified According to 
Structure and Configuration 








Type of Description State of development 
material 
Intermetal- Heat insulating material for | Examples of investigations 


lic compound 
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ics metal. Possess many 
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of use of TiAl rotor in 
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magnetic, catalytic proper- 
ties. Corrosion resistant. 
Durable and strength 
reinforced 


FRM Lightweight structural Gradual application to 
material. Material design to | pistons, conrods, etc. 
meet purpose is possible. 

Amorphous Functional material with Already employed as 


magnetic material. Much 
basic research on it. 
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Ultrafine 


Possess multiple functions 


Great expectations for size 




















powder like catalytic effects, of effects on boundary 
magnetic, combustible, energy. Much basic 
absorbs infrared rays, etc research 
Foils Material with increased Research to meet different 
fibers hardness, corrosion resis- purposes is considered at 
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abrication methods for advanced metallic materials are listed in Table 3 
Most materials are mot very cost effective 



































Table 3. Examples of Methods for the Fabrication of New Metallic Materials 
Dissolution/casting Unidirectional solidifying and casting 
Rapid cooling solidifying method 
High pressure solidifying method 
Plasma dissolution method 
Vacuum arc dissolution method 
Electroslag dissolution method 
ting/press ponstant temperature casting method 
ontrolled rolling 
Ausforming 
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ight reduction is not the only problem to be tackled. Other considerations 

ide structural needs like the ease of single body fabrication or 
uctural freedom, as well as demands that take advantage of the properties 
high polymers such as their viscoelasticity, energy attenuative properties, 


nd a superior ability to retain their shape. In other words, automobile parts 


a1 nal 

hat take advantage of the properties of high polymer materials are now 
ippearing om the scene. Some examples include a resin outer plate, GFRP 
spring, gasoline tank, various shock absorbers, and aero parts. The high 
polymers that have attracted a lot of attention in the last few years as a 
form of advanced material include thermoplasticizing resin, in particular, and 
polymer alloys or engineering plastics for injection or blow molding. We will 
lescribe the fundamental technologies necessary for realizing the application 

f resin materials, particularly polymer alloys and engineering plastics 


l Applications of High Polymer Materials 
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3.2 Research and Development Trends in High Polymer Materials 


Ty ; : 


The following are some of the problems that require resolution before high 
polymer materials can be applied in automobile parts 
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Table 2. Waste Incineration in Japan, United States, and Europe (1986) 






































nn ee =) 
Country Popula- General Number of Incin- Exhaust 
tion waste incinera- erating gas 
(million (10,000 tors ratio (%) | treatment 
people) t/year) (%) 
_———— rr =! 
Japan 122 4,296 1,899 72 100 
United States 232 13,690 157 10 15 
Austria 6 160 3 22 33 
Belgium 10 280 29 47 38 
Switzerland 6 220 334 77 18 
West Germany 60 1,900 47 34 66 
Denmark 5 180 46 81 0 
France 54 1,700 284 41 0 
England 57 1,800 38 10 0 
Italy 57 1,400 80 18 4 
Netherlands 14 430 ll 40 9 
Sweden 8 250 23 56 22 
Total Europe 277 8,320 595 31 10 








Note: According to surveys in 1990 


in Europe and the United States, 


the 


incinerating ratio in the United States is 14 percent and the average in 
Europe is 33 percent. Exhaust gas treatment ratio in Europe is higher 
than that indicated in the table. 


Table 3. Production of Plastics and Discharge Weight (1,000 t/year) 


























Year Production Domestic Total General Industrial 

weight consump— weight wastes wastes 
tion discharged 

1960 554 545 

1965 1,601 1,373 

1970 5,127 4,080 

1974 6 ,693 5,828 2,532 1,478 1,054 

1975 5,167 3,986 2,613 1,471 1,142 

1979 8,210 7,256 2,853 1,545 1,308 

1980 7,518 6,700 3,258 1,784 1,474 

1985 9,232 8,272 4,188 2,317 1,871 

1986 9,374 8,321 4,528 2,502 2,026 

1987 10 ,032 8,844 4,656 2,604 2,052 

1988 11,016 9,969 4,878 2,761 2,117 

1989 11,912 10,944 5,060 2,911 2,149 
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Table 4. Comparison of Various Statistics 

















Se netneeEEEEE ; 
Unit 1960 1970 Comparison | 
det 
Domestic plastic 1,000 t/yr 545 4,085 times 7.5 
consumption 
Population ratio within % 49.8 81.6 — 
treatment area 
Discharge volume of 1,000 t/day 24.4 77.0 3.2 
general waste 
Amount of incinerated 1,000 t/day 7.6 42.6 5.6 
waste 
Ratio of waste incinerated % 31.1 55.3 — 
Waste calorific value for 
Osaka city kcal/kg 1,095 1,138 1.04 
——==—= === 


























In 1969, the Osaka Expo Committee’s decision not to use plastic containers 
because of the disposal problem, and the National Garbage Disposal Committee's 
ultimatum to the nation to establish plastic waste management measures and to 
suppress the use of plastic containers rocked the plastic industry. 


In spite of that, garbage volume has increased 3.2 times over the past 10 
years. The chief reason is the population flow from the rural areas to the 
cities, thereby raising the garbage volume to total population ratio within a 
garbage treatment area to 81.6 percent in 1970 (Table 1). According to the 
garbage statistics of Osaka city, calorific value during this period increased 
only by about 1.04 times, and, in fact, increase in the garbage volume 
represented a bigger burden to the incinerating facilities in the local 
autonomous areas. In spite of efforts taken by the Ministry of Health and 
Public Cleaning Bodies in autonomous areas to increase and improve existing 
incinerating facilities, they are still insufficient given the 5.6 increase in 
garbage volume during the period from 1960 to 1970, despite the fact that the 
garbage ratio remained stagnant at 55 percent. 


2. Establishment of Association To Promote Plastic Waste Management and 
Technology Development During Its Early Stages 


Members of the plastics industry gathered to form the Association To Promote 
Plastic Waste Management in November 1971 to take over the work and technical 
developments previously undertaken by the Petrochemical Industrial Association 


and the Polyvinyl Industrial Association. The a or ities that 
have cooperated with the Association to date, are a ollo&s%\ A, 


e Recycling techniques in the form of crushing, cleaning, melting, and 
solidifying (Funabashi city, 1972 ~ ) 


e Incinerating tests in special furnace (Koshigawa city, 19/73 ~ ) 
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pellets after being "crushed eanec le ate ‘ 
tne experimenta ta Lities >ome ; ne ff en , 
are as f LOws 

°e Extremely higt st 

e Product shape (product foamed and reileasé« Da tT 

could not be marketed 
e Plastic waste separately llected fron 
selection before recycling 

Quite a number of people were also of the opinion that f pla wast« 
not be recycled in new shapes, then it should at lea e recycle 
original raw petroleum material. Therefore, therma:i decom tion experiment 
were performed with the cooperation of Kusatsu cit 2 inc the 
research bodies that cooperated are 

e Sanyo Electric, two-step thermal decomposition by ea wave heating 

melting, and screwing method 

e Mitsubishi Heavy Industries, two-step thermal decomposition by melting 

and reflux redecomposition of products with high ! neg 


e Sumitomo Heavy Industries, fluid bed method, treatment by mixing 
waste and rubber waste with plastic waste 


Technically speaking, all the above techniques were plausible, and fuel oil 
sovery was indeed possible. However, these remained at thi ook 
ge because of the high cost required and difficulties in collecting huge 
amounts of pure plastic waste 


The quality of the products resulting from these recycling techniques were so 
bad that no market could be found for them. As a result of these observations 
the Association has thus decided not to separate garbage for collecting and 
has proposed incineration of the mixed garbage 


83 





le a * ° : es . Meragemet 





~ 
_ 
. 
> 
‘ 
7 
. , > : 
r - , 

. , . ' 

‘ 
_ ‘ 
~ 
> . a: wf ria 
‘ . 
; i 
. ‘ , , ; 
’ . : ~ ’ : ’ 
‘ »} > ‘ ‘4 ne " 
ba ’ | ’ : 
; : »> ‘ , , . 
, . . . ; aa ‘ 
, ; ‘ 
’ > > a . ‘ ; : 
: ' 
. ; ; ; . . ' " ‘ ‘ 
























































